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Abstract 


This thesis reports the results of a series of f neuroanatomical and 


neurophysiological experiments conducted in the central nucleus ‘of the - 


: inferior colliculus (ICC) of the cat. Anatomical scutes have defined 

the origins and topography of the brain stem pry sates to Icc and have 
demonstrated that at least many of these projections renajn segregated 
within the nucleus. Physiological itedies in ICC have shown that 
neurons with similar properties - properties that often 

mimic those observed in the brain stem nuclei that. project. - are 
= within that structure. In addition, studies of a large 
population of ICC neurons whose discharge rates are a sensitive function | 
of interaural time ftevencen indicate that the contralateral 
perhaps part of the sepiieteral) free sound field is represented within 
the ICC. The anatomical and physiological dita derived in these studies 
can be directly related and provide strong evidence that sniseheniie. 
physiologically, and functionally distinct subdivisions of ICC exist. 
The implications of these findings with eel to a central neural 


processing of auditory information is discussed. 
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The oe nucleus of the inferior colliculus is a complex 


structure in the midbrain tectum. Its physiological organization 


is only superficially understood. Microelectrode studies have 

demonstrated that there is a systematic representation of the auditory 

sensory the basilar within the central nucleus, 
and anatomical studies ‘have defined a pattern of. organization 

that is the structural pupae of that physiological pute. 

Beyond this fundamental Saforastion, little else is known regarding 

the physiology and anatomy of the central nucleus, or the function(s) - 

‘that this structure might subserve. | 

All. information (all. input to the central. 


is ultimately derived from the cochlear branch of the. VIIIth nerve. 


Fibers of this nerve are ‘distributed within the cochlear nuclear 


= 


complex to provide tenet to the cell groups of its three ion divisions . 
| (the anteroventral, posteroventral, and dorsal cochlear nuclei). 
_ Axons from definable cell “fields” of these ibétviatins innervate , 

specific brain stem auditory nuclei. Some of these nuclei (e.g. 

the medial superior olive) receive binaural input; sation (e.g. 

the medial nucleus of the trapazoid body) are strictly monaural. 

By virtue of the distribution of primary information to the very 


different of neurons in the cochlear complex 


and the specific redistribution of that information to particular 


brain stem nuclei, different aspects of auditory sensation are 
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apparently derived from a common input delivered via the auditory 


nerve. Thus, each of a large number of brain stem nuclei or cell ne 
fields abstracts different information from this common input, as : 
reflected by the very different response properties of neurons in ~ 
these different nuclei and cell fields. 

Most experimental evidence indicates that siventtie information 
from these brain stem auditory nuclei Gnctuding the entire cochlear’ . 


nuclear complex) terminates in the central nucleus of the inferior 


~ colliculus, and is then fed forward to the auditory forebrain. Thus, 


a_large number of inputs from these lower structures converges on 


the central nucleus, is somehow processed within its cochleotopic 
and is then relayed to the medial body. However, 
‘go experimental to suggest how input from the various 
projecting brain stem nuclei ip or how: the very different 
tren chess sources is processed therein, Within ths 
cochleotopic organization of the central nucleus, other rules of 
order must exist. 
In order to detarutas some basic features of the functional 
organization of the central nucleus of the inferior colliculus, 
a series of experiments were 
iene in the nucleus of the ean: By using a combined neuro- 
physiological-neuroanatomical approach, principles of the functional 
organization could be directly related to their structural nibateate. 
thereby providing additions’ insight into the basic processing 


‘of auditory information within this nucleus. This thesis reports 


the results of those experiments. 
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II, Review of Anatomical Literature 


Structure of the Central Nucleus of erior culus 


It is generally agreed that there are three major subdivisions a 
in the inferior (Ic), as first distinguished 
by Ramon ¥ Catal su). These subdivisions include a pericentral 


or roof nucleus ("ecorce internucleaire" or "ecorce superieure"), 


nd nucleus ("ecorce externe"), and a central nucleus 
noyau du tubercule quadrijuneau posterieur' Rockel and Jones 
(4973 a,b »c) recently described these three major divisions in 
detail in the cat IC (Figure 1); their subdivision of the nucleus 
is with and extends Ramon y Cajal's text. ‘The 
central eucteus (ICC) is approximately ovoidel in shape, a 
occupies most of the ‘volume of the colliculus. The asian 
division (1cP) of a sheet of cells approximately .5-.75 mm 
thick that overlies the dorsal and caudal aspects of cc and extends 
jm a short distance over ‘the rostral surface of ICC (Figure 1-B). 
On its lateral edge, TCP merges with the external jake (cK), 
a slightly thicker sheet of cells that covers si Slane portion 
of ICC and sore anteriorally encospasses much of the rostral surface 
of ICC (Figure 1-B,C). . 
There is little agreement regarding the 
borders and "cell groups" of these subdivisions. However, the 


central nucleus has a distinctly laminar appearance in Golgi 


preparations (first noted by Morest, 1964 a,b), which serves 
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to delimit it from the This laminar 


organization has been described in all recent Golgi studies and 


constitutes the fundamental feature of the anatomical organization 


of ICC that is presently recognized. In the cat ICC, Rockel 


-and Jones (1973 a,b) classified about 60% of the neurons as 


"principle cells". Dendritic arborizations of these principle 


cells tend to be oriented in parallel throughout most of ICC, 


and incoming lateral’lemniscal fibers (conveying all major csuiebieis 
inputs) run tangential to the major axis of dendritic orientation. 
aliguant of dendrites and axons accounts for the 
laminar appearance of ICC in Golgi™preparations and ie evident 

in the three standard planes of section (Picures 2,3,4).- In 
of the principle cell somas can parallel 
the laminae to a greater (Ryugo and 1977) or 


(Rockel and Jones, 1973 a) degree, apparently depending upon 


‘the species and plane of section. 


Golgi studies in man (Geniec and Morest, 1971), squirrel 


and rhesus monkeys (FitzPatrick, 1975; Fullerton, 1976), rat 


(Ryugo and Killackey, 1977), and tree shrew (Oliver, 1977) have 


confirmed this laminar pattern of organization, and physiological 


_ studies (Merzenich and Reid, 1974; FitzPatrick, 1975) have directly 


related this anatomical organization to the cochleotopic order 


found in ICC. Data reported in this thesis were derived from 


the laminated central nucleus of the inferior colliculus. 


The anatomy of the IC has also been studied in Nissl preparations 


in the cat (van Noort, 1969; Goldberg and Moore, 1967), rhesus 


c¥ 
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monkey (Goldberg*and Moore, 1967), and kangaroo rat (Webster: 


. et al., 1968). The lamination of ICC and the borders of all 


three subdivisions are blurred or indistinct in these preparations, 


and the anatomy cannot be ‘easily correlated with, the physiology 


of the IC. For this reason, subdivisions described in these 


studies were not employed in the interpretation of experimental 


results. 
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B. Brain Stem Afferents to the Central Nucleus: Degeneration Studies 


The ICC receives input from many brain stem auditory nuclei, 
including the cochlear nuclear complex (CN), the medial (MSO) 
and lateral (LSO) superior olives, and the dorsal (DNLL) and ventral 
(VNLL) nuclei of the lateral lemniscus (NLL). These projections | 
were initially defined by Sncenngy a+ fiber degeneration studies 
(using Marchi and Nauta and by a retrograde cell 
degeneration studies. Because of inconsistencies in these studies, 
| projections in any one animal (including cat) have never been 
, well defined. Although species differences might be a factor, 
inconsistencies probably stem from limitations is experimental 
methods (e.g. interruption of fibers of passage) and analysis 
of interpretation of preterminal degeneration). 


:. Projections from the Cochlear Nucleus 


Some early degeneration studies (and one recent report) 

_ indicated that the CN sent bilateral’ (in guinea pig, Woollard and 

-Harpman, 1939-40; and in chimpanzee, Strominger et al., 1977) or 

contralateral (in rhesus monkey, Barnes et.al., 1943) projections 

,to the Ic. Others could not demonstrate a projection from CN 
ee IC (in sn Papez, 1929; Stotler, 1949, 1953; and in guinea 

i pie: 1949). Lesions in these experiments typically 

destroyed all or most of the CN complex, and the projections 


‘described could not be directly related to any one of the three 


subdivisions of the complex (Lorente de No, 1933; Osen, 1969 a,b). 
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More recent degeneration studies have involved lesions - 


restricted to one of the three subdivisions of CN, or to cell 


_ field(s) within CN subdivisions. This body of work unequivocally 
defined a projection from all ‘subdivisions of. CN to the contralateral 
ICC, but a projection to the ipsilateral TCC was tot always 
Anteroventral cochlear nucleus (AVCN) projections 
to ICC have been described as contralateral (in:cat, Osen, 1972; 
__van Noort, 1969; Warr, 1969; and in rabbit, Borg, 1973a) or bilateral 
(in rhesus monkey ,. Strominger and Strominger, 1971; and in kangaroo | 
rat, Browner and Webster, 1975). In fact, Warr (1966) originally 
reported a bilateral AVN projection in cat, but later (Warr, 1969) 
‘enn not. confirm preterminal degeneration to the ipsilateral 
"ICC. Projections from the’ posteroventral cochlear nucleus. (even) 
to rcc have also been defined as exclusively ‘stiiiitemess (in 
cat, Osan, 1972; van Noort, 1969: Warr, 1969, 1972; and in rabbit, os 
Borg, (in kangaroo rat, Browner and 
1975). Finally, following lesions confined to the dorsal cochlear 
“nucleus (DCN) , preterminal degeneration has been described in 
the contralateral ICC (in cat, Osen, 1972; van Noort, 1969; | 
Fernandez and Karapas, 1967; and in rabbit, Borg, 1973 a) or ‘tn 
both ICC's (in rhesus abokey, Strominger, 1969, 1973). | 


Zs Projections from the Olivary Complex 


The number and small size of nuclei, the complexities of 


their organization, involvement of fibers 
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of passage have made degeneration studies involving more central 


nuclei in the auditory system particularly difficult to assess. 
Early Marchi studies in the cat (Papez, 1929, 1930; Rasmussen, | 
1946) were equivocal regarding a projection from the superior | 
olivary complex (SOC) to IC,/but Barnes et al. (1943) found 
bilateral projections from the SOC to the IC in the rhesus monkey. 
‘Stotler's (1953) classic @agenetation etudy in cat described 


specific connections of the nuclei of the Soc, and showed that 


‘the MSO and periolivary cell groups sent axons to the ipsilateral 

IC, while the LSO projected to both IC's. More recently, van | 
"Noort (1969) has claimed that the MSO and LSO both siete bilaterally 

to the cc in the cat. Browner and Webster' b (1975) study in : 

the kangaroo rat’ indicated that the MSO projected to the ipsilateral 


IC, and that the’ LSO had bilateral projections. 


3. from the Nuclei of the Lateral 
Similar problems in the interpretation of data have arisen 
in the investigations of the ascending connections between the os 
NLL and the Ic. Papez' (1929) early work indicated that the — 
NLL sent afferents to both IC's in the cat, but Barnes et al.‘s 
(1943) material in rhesus monkey showed ee a cont#siatera} 
‘projection via the Comisure. of Probst. 
Woollard and Harpman (1939-40) defined a projection from 
‘DNLL to the contralateral ICC a cats, but were unable to denonstrate 


any ipsilateral comections, a contrast, Stotler (1953) only 


found. an ipetlatérel erejaction from the VNLL and DNLL to the IC.° 
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More récently, Goldberg and Moore (1967) described a contralateral 


input to ICC from the DNLL in cat. and rhesus monkey; van Noort 


(1969) confirmed this connection and also demonstrated an ipsilateral 


projection from VNLL to IC in cat. 
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C. Brain Stem Afferents to the Central Nucleus:. HRP Studies “ 


The introduction of a new technique in neuroanatomical 
esearch, the retrograde axonal transport of horseradish peroxidase 
(ARP) and Olsson, 1971; LaVail and LaVail, 1972), | 
is led to a resolution of many ambiguities and hrinbbiabneanetie i. 
generated by the enalyeis and interpretation of duemavetton 
__ material. : “At present, this HRP data has only been published —__ 
é pe abstract form. In his studies on cats and guinea pigs, Adams 
| (1975) reported that ascending projections to the IC arise bilaterally 
t the DNLL, VNLL, LSO, AVCN, PVCN, DCN, and ipsilaterally res 
the MSO. Additional adituskions Gale found to originate in some 
-periolivary neuron populations and in Icc 
ite “external "regions". | 
Brunso-Bechtold and Thompson (1976) 
distribution of HRP-labelled neurons following their injections 
the ICC but they an ipsilateral 
projection from the VNLL. The orétextion nuclei have been 
described in HRP studies in the eres shrew (Jones, 1976, 1977) 
and echo-locating bat (Zook and Casseday, 1976). re 
In summary, recent HRP experiments have confirmed and extended 
earlier degeneration studies on the origins of btete stem afferents . 
to ICC. Together, these studies have provided a clear definition 
“of the brain stem ae a as the ICC. Very little is known 


about their functional significance, Experiments reported in 


this study were directed to a consideration of those issues. 
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III. Review of the Physiological Literature 
Basic physiological investigations of the infertor colliculus have 
mainly vated two experimental approaches. In one major line of 
experiments, investigators sought to define some of the ——— of the 
CF of ICC and have demonstrated that there is a precise, 
continuous three-dimensional representation of the jin within that 
structure. The second group of aaa has focused on the response 


characteristics of ICC neurons , ‘and has employed simple manipulations of 


three-dimensional organization of the ICC has been largely ignored. With 


che exception of two studies (Merzenich and Reid, 1974; FitePatrick, 1975) 


the cochleotopic (or “tonotopic") organization of the ICC to its: 


laminar organization, there has been virtually no effort made to ‘relate 


the known structural features to the basic physiology of- ICC. 


A, Cochleotopic Organization of the Central Nucleus 


Some of the data derived from early microelectrode studies of single 


units in the IC of the cat suggested that a cochleotopic organization 


might exist, but there was no systematic data to oe that concept. 


‘oe example, Thurlow et al. (1951) noted that the range of frequencies 


which drove single units in the IC changed as a ‘tikes of the location 
within the colliculus, but they could not discern any overall order in 
those changes. Katsuki et al. (198) described a rough Rematentct 
organization in the IC, with Srequencies Ee than 200 Hz represented 
caudally, and higher rostrally. Similarly, Erulkar' s (1959) 
evidence. suggested a cochleotopic order, but enste lacked the histological 


‘control necessary to confirm that order. ‘However, Erulkar did show that - 
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single neurons in the IC could: have ‘two "best frequencies" (the 
frequency at which neurons were at lowest threshold) , depending | 
on which ear was stimulated. These best Frequenties were close to one 
another, initiaeinn that an IC neuron ultimately derived its input from 
the same sector of each cochlea. | | 
Rose et al. (1963) were the first to clearly demonstrate the 
_cochleotopic organization of ICC; chy supported their results with 
npietide histological controls. In electrode penetrations entering the 
__ICC-from the- dorsolateral aspect: and progressing ventro-medially, the- 
best ieeeuiicted of isolated neurons increased in an orderly sequence 
from low to high. Similar results éocumentins changes in the 


8 


best aeeaabs of units (i.e. represented cochlear place) encountered © 


along a ‘single electrode -caneatabaeaesiens into ICC were later reported in the | 

cat (Aitkin et al., 1970; Aitkin et al. » 1975), i anes (Aitkin et al., 

1972), chinchilla (Adams and Teas, 1973), and rat (Clopton and Winfield, 

1973). In all of vies studies, there was no attempt to relate the 

representational sequences defined in individual penetrations to the three 

dimensions of the ICC, or to the laminar serene that had previously | ° 
been described by Morest (1964a,b). | 

By combining and analyzing best frequency derived from 

multiple electrode penetrations through ICC of the 
Reid (1974) systematically reconstructed, in three dimensions, the 
cochleotopic organization of and directly related that 

to the anatomical: observations of Morest (1964a,b) is Rockel and Jones 

(1973a). This work demonstrated that sectors of the are 

represented within ICC as a stack or series of "isofrequency discs" or | ae ‘ 


"contours" and that the orientation of these discs parallels that of the 
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ICC laminae. Thus, a sector of the cochlear sensory epithelium is 


3 


represented within the ICC as a "frequency-band" disc or lamina that spans 
the ICC from border to border, énd the representation of the entire cochlea 
can be conceptualized as a stack of such discs. 

, In her combined neuroanatomical-electrophysiological study, . 
FitzPatrick (1975) confirmed this cochleotopic se eR a in ICC of the 


squirrel monkey, and more directly related the three-dimensional frequency 


organization to the anatomically defined cell laminae. These important 


--gtudies have demonstrated the fundamental “relationship between the 


physiological (i.e. cochleotopic) and anatomical (i.e. laminar) 
organizations of the ICC. Yet, to date, they represent the sole efforts 


by physiologists to relate the unique structure of the ICC to its function. 


. 
a 13 
4 
A 


B.D Response Classes of Central Nucleus Neurons 


Other physiological. studies in the IC of the cat have focused on 
the anodes of neurons to a variety of monaural and binaural etimli. 
“Overall, this body of work has demonstrated that ICC neurons can be 
(grossly) categorized into three major classes: 1) monaural neurons;. 
2) binaural neurons sensitive to interaural time differences: and 3) 
‘binaural neurons sensitive to interaural intensity differences. Other 
binaural neurons have also been described that are not sensitive to 
Some ICC neurons are monaural, i.e., they by 
input diictved from a single cochlea (Erulkar, 1959; Webster and Veale, 
(1970; Aitkin et al., 1975). Stimulation of the contralateral ear drives 
most monaural ICC neurons (as well as most binaural units) (Rose et al., 
i 1963; Merzenich and Reid, 1974; Aitkin 6t ai-. 1975). The firing pattern 
of a monaural neuron (and the response “ a binaural neuron to monaural 
stimulation) is ultimately determined by. a series of precisely timed 
excitatory and/or inhibitory synaptic inputs that are generated by 
stimulation of one ear and converge upon that neuron (Erulkar, 1959; 
Nelson and Erulkar, 1963; Rose et al. ; 1963). With monaural stimulation, 
the discharge jenen. firing patterns, and latencies of ICC neurons are 
functions of the frequency, intensity, duration, and laterality of the 
‘applied sound stimulus (Rose et al. 1963). 
| ‘The large majority of ICC neurons are binaural (Erulkar, 1959; 
Altman, 1966; Webster and Veale, 1970; Aitkin, et. al., 1975)... The oral 
= of these neurons. is a function of the balance of monaural inputs derived ; 


from each ear (e.g. Hind et t al., 1963; Nelson and Erulkar, 1963). Thus 


it has been argued that excitatory and inhibitory events from both ears 


b 


UMI 


1 


15 


interact on most single neurons in the ICC, and the temporal patterns and 
relative intensities of these postsynaptic events determine the binaural 
discharge rate and firing pattern of the neuron (see e.g. Erulkar, 1959; 
Nelson and 1963; Hind et at: 19635 Rose et ales 1966). 
Many binaural neurons in ICC are sensitive to small interaural 
time differences (e. 8. Hind et al., 1963; Rose et el., 1966; Altman, 1966; 
Geisler et al. 1969; Benevento and Coleman, 1970; Leiman and Hafter, 1972; 
Starr and Don, 1972), and if interaural time delays are introduced, the’ 


firing rates of these cells can be systematically changed (e.g. Rose et al., Se 


19665 Geisler et al., 1969). Regardless of the frequency or the intensity 
(at either ear) of the stimulating tone, these time-sensitive ICC neurons 
have a fixed intevenvel time delay at which their response rate is 
maximal or minimal. “For this vinpresuae Rose and colleagues termed that 
interaural time difference a "characteristic delay" (i. fs. | 
characteristic for each neuron). thane ICC neurons 
have best frequencies (less than 3000 Hz), and most not all) 
delay-sensitive iowa have "characteristic delays" (Geisler et al., 
1969). | 
Many high best frequency neurons, in the ICC are exquisitely 
“sensitive to interaural intensity différences, and the firing eaten of 
these neurons are usually a well-defined function of the Sanecuiua’ 
intensity differences applied (Geisler | et al., 1969; Benevento and 
Coleman; 1970). Most "interaural intensity-dif ference" neurons are 
excited by stimulation of the contralateral ear and inhibited by 


srtmutetion of the ipsilateral ear (Rose et al., 1966; Geisler et al., 


1969). The auditory system intensity differences 


to encode the location of high frequency sound sources (see Stevens 
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believed to be involved in that coding process (Rose et al., 1966; 
Geisler et si 1969). 


This classification of ICC neurons (i.e. monaural cells; binaural . 


cells sensitive to interaural time differences, and binaural cells ees 


sensitive to interaural intensity differences) provides a useful (although 
“Limited). means of analyzing the physiological organization of the ICC. 
Responses of Icc neurons have been shown to be eenieelty the same in» 
me alert and anesthetized cat (Bock ana Webster, . 1974; Bock et al., 1972). 


“The distribution(s) of-these neuron classes within the ICC (along with 


the distribution of other cell classes) has never been assessed. In 
addition, the distribution(s) of never been 
related to the overall cochleotopic or laminar organization of the ICC. 
As noted above, the ICC receives inputs from a large number of 
brain stem auditory The auditory information that is processed 
we the CN inal WLL is predominantly monaural (e.g. Rose et al., 1959; 
Aitkin et 1970), while the DNLL, LSO, information 
from both cochleas (e.g. Brugse et sai 1970; Boudreau ‘and ‘Tsuchitani, 
19685 Guinan et al., 1972b). All of this information (2.2 e. all monaural 
> and binaural inputs) converges upon the ICC in an unknown way. Neverthe- 
“less, the ‘profectioue- fran thees nuclei to the ICC maintain and are an 
it is known that chs response properties of neurons in those 
_ projecting nuclei are very similar to the response lie of at least 
many ICC neurons. Thus, nearly 411 CN neurons are driven only ‘e monaural 


-stimulation (e.g. Rose et al., 1959); many cells in the MSO and DNLL are 


sensitive to interaural time differences (Brugge et al.., 1970; Hall, 


7? and virtually all LSO neurons are sensitive to interaural 
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_ processed in an orderly way within the three dimensional cochleotopic 


| of ICC inputs and to assess that distribution in relation to the processing 
of information that takes place at this level of the auditory nervous 


— 
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intensity differences (e.g. Boudreau and Tsuchitani, 1968). The 


information carried by the ascending fibers from these nuclei must be . 


framework of ICC. That order should somehow be reflected in the spatial 
distribution(s) of ICC neurons with specific response characteristics. 


One of the basic objectives of this work was to study this distribution 
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Methods 


Physiological Techniques 


Preparation 


Adult cats with no obvious signs of ear infection were —— 
anesthetized by an iuerwperitonal injection of sodium pentobarbital 
(40 mg/kg), and tracheal and venous cannulae were tnetoducad. A surgical 
level of anesthesia was maintained throughout the experiment by supplementary 
injections of barbiturate. _A rectal monitored body 
‘which was maintained at approxinately 37°C by a circulating water blanket. 
. After placing the animal in a head holder, a midline scalp i 
made. The skin and muscles were reflected and the pinnae Sebictel 40 | 
permit ftisertion of flexible Tygon. sound cubes into each transected 
external auditory 
For dorsal-to-ventral ntcroslecteode crainiotomy was 
performed: over occipital cortex, and the dura excised. Surface vessels 
a“ the exposed cortex were cauterized (Codman Bipolar Coagulator). With 
use of a Zeiss operating microscope, the overlying cortex was’ aspirated 
by gentle suction until the dorsal surface of the IC could be clearly 
: visyalized. A small portion of the bony tentorium cerebelli was removed | 
to “completely expose the dorsal collicular surface. : 

: For horizontal penetrations, the crainiotomy was extended further 
ventrally and laterally. Most of the bony centortun was removed wid shan 
one-half es cerebellum aspirated. After euch at exposure, | 
mcroelect rodes could be into caudal aspect of 
the Ic ina horizontal plane. 


Once the appropriate ‘surface of the colliculus was exposed, a 


photograph wun taken: An enlarged (10x) print (with a .5 mm grid 
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superimposed) was made on which all microelectrode penetrations eee 
recorded by cross oiteonins to the surface vasculature (as viewed through 
= Zeiss operating microscope). | 
Single neurons were with electrolytically-etched glass-_ 
coated platinun-iridiummicroelect rodes with platinum-black tips (ca. 
3-5 microns in diameter) . Electrodes were introduced into the coi licdies 
| by use of b ieetete microdrive (Kopf) controlled by a stepping motor. 
The microdrive was attached to a micrometer drive on the H bar of a 
sterotaxic. apparatus. Ke (Galtimore Instruments). Most -otien-the 
was covered by mineral oil warmed to body temperature; on a few occasions, 
a 3% agar oahu (in normal saline) was used +o etabkiann the preparation. 
In the early experiments, when only dorsal-to-ventral pent rations 
were made, a plastic cylinder was fixed to the skull by dental: acrylic 


and electrodes were advanced manually by use of a Davies microdrive 


@avies, 1956) mounted upon it. Ih any single eupetinant, all microelectrode 
penetrations were parallel to one another. 
Electrode often marked by direct current lesions 
(15 yamps, 10 seconds) to help in reconstruction of microelectrode eracke. 
. At the uciuakin of experiment, the > animal was sacrificed by an over- 
: dose of barbiturate, and the cranium was opened widely. The entire head 
was immersed in fornal~saline for 2-4 when the was removed 
~~ and reimmersed for qnother 2-4 weeks. Frozen sections were cut parallel 
to the panet rersone. in the frontal or saggital plane at 50 microns. _ ALL 
‘sections were mounted and statnad with cresylecht violet. All units 
imertns in this study were Suigtdand to the ICC. Reconstructions of 


® 


_ electrode tracks were facilitated by reference to penetrations recorded 


on the photograph. 
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noise stimulation was applied tsee results), a generator 
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Ze Stimulation and Recording 


Tonal stimuli were generated by a General Radio Corp. oscillator 
(Type 1309 A) and shaped into trapezoidal tone pips with rise-fall times 
of 5 msec by a pair of electronic srivetin (Ludwig, 1970). Signals were 
then fed through two attenuators (Hewlett Packard 350 D) which provided 
independent control of the stimulus intensity (in 1 dB steps) to iouk uae 
A passive delay network (Ad-Yu Electronics 802 F) was interposed between 


the oscillator and one tone switch to introduce interaural time (phase) 


_ differences” in the stimuli delivered to each ear. Stimulus duration and _ 


repetition rates were controlled by a series of programmable timers. 


Stimuli ¥ were usually 250 msec in duration, ok stimulus frequencies were 


monitored by a frequency meter (Monsanto Counter-Timer Model 100 B). ” When 


(General Radio Corp. Type ame B) replaced the oscillator in this - 


dnscrthad onnen, Noise was band-passed from 100 Hz - 20 kHz. 


Stimuli were delivered via.equal-length flexible Tygon tubes tightly 


coupled to a matched pair of audiometric drivers (Telex Model 61470-07, 


10 Ohms) . The tubes were sealed into each transected external auditory 


meatus by low melting point wax. The output of each driver was .calibrated 


in 20 Ha steps. from 20 Hz to 35 kHz using a probe microphone (% inch Bruel 


and Kjaer condenser microphone) and waveform analyser (General Radio Corp. 
1900 A). The frequency response of these speakers was relatively flat up 


to 13 kHz, but dropped off in higher: frequency ranges. All stimulus levels 


are given in dB attenuation (dBA) re al volt RMS input to'the drivers, 


as monitored on an AC voltmeter (Hewlett Packard 400 E). All experiments 
were conducted in an IAC sound proof room. 
In this experimental series, base Gi. e. ‘ther frequency 


which a neuron responds to the least intense stimulus; in. other words, its 


‘ 
>» 


threshold frequency) determinations were made with reference to the 


calibrated speaker curves. Best frequencies (or represented cochlear 


contralateral and ipsilateral monaural stimulation are very similar, if 
_-unity-gain preamplifier (Winston Electronic Co., Model 1090), and then to 


‘Type 565) and amplified into a loudspeaker; neural activity could then be . 


obviously most sensitive to: 1) interaural time differences; 2) interaural 


intensity differences; or, 3) the level of the binaural stimulus (but | 
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place, see below) in these experiments were determined using contralateral 
stimulation. It has already been demonstrated (Erulkar, 1959; 


Merzenich and Reid, 1974) that best, frequencies of ICC neurons to 


not identical. 


@ 


Signals from isolated neurons were first led to a high-impedance, 


a high-gain amplifier (Tektronix Type 3A9) located outside of the IAC 


room. The spike recording was displayed on an oscilloscope (Tektronix 


monitored both aurally and visually. Spikes were discriminated and then | 


totalled on special purpose counters. 
in which the distributions of response 

classes in ICC were studied (see section 2), data were ; 
collected in the following manner. A neuron was isolated and its ioe 
frequency (represented cochlear place) to. contralateral tonal stimulation 
Mi croelect rode depth logged and spontaneous 
if present, noted. ‘The neural response (net esha net inhibition) 
and response pattern (onset or sustained; 
contralateral and ipsilateral monaural best frequency stimulation were 


recorded. Binaural interactions, if present, were then assessed. Using 


best frequency tonal stimulation, the majority of binaural neutons were 


not obviously sensitive to interaural time or intensity differences).' 
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Hleurons were eareanttiess into one of these classes (see Results, Section 
B-1). Neural response and discharge patterns to binaural best frequency 
stimulation were also recorded. For time-sensitive neurons, interaural 
time 43S tucescss which covered the behavioral range (t 250 usec; see 
Rose et al., 1966) wars systematically fatrotuced in 25 or 50 usec steps; 
the interaural time difference at which the discharge rate was ones or 
minimal was recorded. After obtaining these data, the microelectrode on 
slowly advanced until another neuron was isolated and the same procedure 
“was “repeated. 

In. another series of experiments, only interaural time-sensitive 

- neurons were studied (see Results, Section wtiasds All of these experiments 
were conducted using dorsal-to-ventral Once 

a neuron was isolated and the best frequency determined, a series of 


binaural best frequency tone pips with interaural time differences were 


introduced that cove ehavicral range in, 25 or 50 usec steps. BS 


the étecharse rate of a neuron was a sensitive function of interaural 


time responses to a variety of stimulus ‘Parameters below) 


were whose response rates were these time 
differences were not studied. 
If a ‘neuron was sensitive interaural time differences, five or 
ten stimulus trials were introduced at ae of the defined interaural time | 
difference steps, and the Gade at each stimulus condition totalled. 
Subsequent iy, ‘the binaural stimulus was changed to a different level and 
the procedure repeated. Responses. of neuron were typically 
| determined over a 40-50 dB range of stimulus levi. Noise stimulation 
and stimulus frequencies above and below each neuron's best frequency 


were also applied, and the same protocol followed. 


In this way, the 


f 
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discharge rates of each isolated neuron were determined as a function | of 
a variety of changing stimulus parameters (i.e. frequency , ees 
with noise stimulation) at each interaural time difference introduced 


(i.e. 20 or 25 usec steps across the behavioral range). 


x Relationship of Cochlear Place to Stimulus Frequency 


Greenwood (1974) has developed a frequency-position , function* which 


relates along the basilar membrane to stimulus 


~ frequency: This function incorporates anatomical data (Schuknecht, 1960) 


and appears to canees4y relate psychophysical data, cochlear mechanics, 


and neurophysiological data (sée e.g. Greenwood et al., 1976). Stimulus 


frequency , per se, provides limited regarding the ' real" stimulus | 
(i.e. the traveiins cave) which initiates the events that ultimately 
result in VIIIth nerve activity. However, stimulus frequency and the 


position of the stimulus on the eensory epithelium nee specifically, | 


the of the maximum of the traveling wave pavelope) can 
be simply - ati related by ‘Greenwood's function. In essence, the 
application of this . function is ‘analogous to the use of eccentricity when 
"eetctans receptive fields of neurons in the visual system. For the 
auditory system, the stimulus (given as a distance) is referenced toa 


fixed point (the cochlear apex). Hence, in this study, stimulus 


fcanunes will most often be rept sented as a distance from the cochlear 


apex, as using Greenwo function. In the 


frequencies corresponding to the (in on 


*® = £=418.6(109-9954x 1), where f is the stimulus frequency (in Hertz) 


ty 


‘and. x is the cochlear position (in mm from the apex) of maximum amplitude. 


/ | 


the basilar membrane are given by smaller numbers along the same axis. 
Note that in these illustrations the axis has been truncated at 20 mm 
(2 mm short of the actual length of the basilar menbrene in the cat), 
because the poor output in the sound system at very high frequencies did 
-° mot enable us to study neurons representing the most basal (i.e. high frequency) 
2 mm of the basilar partition. 
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B. Anatomical Techniques 


A series of neuroanatomical experiments were conducted in cats 


to define the origins of brain stem afferents to ICC and to directly 


‘relate these projections to the anatomical (laminar) and physiological | 


(cochleotopic) organization of the nucleus. In these studies, 


the retrograde of horseradish (ARP) 


HRP was injected at physiologically defined loci within the rec. 
In all of these studies, with the exception of certets procedures 
described below, the preparation, stimulation, and recording methods 


were ‘identical. ‘to those used in the physiological studies, as described 


earlier. 


\ 


1. Preparation 
Adult cats weighing 2.5-4 kg were anesthetized and mounted ~ 


ina head~holder. A midline scalp incision was made and the skin 


. and weenies overlying the left occipital pole of the forebrain 


A 


_. were reflected. The ‘Ic was directly exposed via 4 wide craniotomy 
: and ablation of the overlying occipital cortex. the Pencarian 


of a Kopt hydraulic microdrive was then anuntas over the colliculus. — 


A flexible tube coupled to an audiometric iever was heii into 


the contralateral external auditory meatus. Microelectrodes were 


advanced. into the. cc in a dorsorostral to ventrocaudal direction, 


cal the best frequencies (represented cochlear siaca) of single 


25 
was employed to define the origins and topography of ICC inputs. 
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was. obtained, the microelectrode was replaced by a 10 ul Hamilton 


‘from the.anesthetic. | 


in cold fixative for 2-5 hours, then'transferred through a graded 


units and unit clusters (to contralateral stimulation) were determined 


with the use of tonal stimuli (as described earlier). After an 


adequate map of the tonotopic (cochleotopic) organization of ICC 


syringe with a varnished 28 gauge needle, containing several micro- re os ee 


liters of a nearly saturated solution of HRP (approximately 40%) 


in saline. 


microsyringe was ‘lowered into the central nucleus-at the — 


same orientation used for microelectrode recording, and evoked 


-multiunit activity was monitored using the tip of the varnished 


~ needle as a recording electrode. A good correlation was usually 


found between the represented cochlear place previously determined 


‘for a particular depth and that recorded with the insulated micro- 


syringe needle. Between 0.1 and 0.5 ul of the tracer was injected © 


- at given loci and the needle left in position for 15-30 minutes. 


After removal of the microsyringe, the muscle and skin overlying 


the cranial opening were sutured and.the animal allowed to recover 


‘ e 


‘Histological Procedures 
24-42 hours after the time of injection, cats were anesthetized 


with sodium pentobarbital and perfused through the heart with 0.9% 


heparinized saline (37° C) followed by 0.2 M phosphate~-buffered 


(pH 7.6) 2% paraformaldehyde (4° C). The brain was removed, placed 


series of phosphate-buffered sucrose solutions culminating in immersion 
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in 30% buffered sucrose (4° C) for 8 hours. 
Frontal sections from the medial geniculate body to the cochlear 


nucleus were cut on a freezing microtome in repeating | 


| series. Sections were reacted with 5, 3'~diaminobenzidine (DAB) 


solution in Trizma scendiaad to which a few drops of 30% 1,0, had 


been added (the method of Graham and Karnovsky, 1966, as modified 


by | Ralston and Sharp, 1973). After 10-20 minutes - DAB, sections 


with: 3 changes of Trizma buffer and. gelatinized 


‘glides. The tissue was then dried, dehydrated, cleared, coverslipped, | 


and examined directly for the HRP reaction product. | 


Neurons of the brain stem auditory nuclei typically developed © 


a diffuse, pale-brown coloration, presumably due to endogenous enzymes - 


which reacted with DAB (Wong-Riley, 1976). Cells containing the 


dark-brown, granular HRP reaction product were easily distinguished : 


from these lightly-stained, agranular neurons. However, after a 


section is counterstained and viewed under light the 


stained Niss1. in endogenously labelled, calls 


: can appear similar to HRP granules. In order to avoid catty confusion, 
all HRP cell counts. were therefore made in non-counterstained material. 


Certain sections were subsequently counterstained with cresylecht . 


violet and the cytoarchitectonic boundaries of the brain stem nuclei 


(which were usually sharp in non-counterstained material because — 


of the endogenous reaction to DAB) were accurately reconstructed. 


In each experiment, the distributions of granule-labelled cells 


in each caiheis cae plotted from thick (90 u) sections by the combined 
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_be counted. twice. 
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use of a Zeiss Photomicroscope II in the transmitted light mode 
and a Bausch and Lomb microprojector. The location of every labelled 
neuron was recorded on scale drawings of brain stem auditory nuclei. 


From these observations and drawings, the numbers of cells containing 


granules were counted and plotted as a function of their locations 


within nuclei. Since each thick section in which neurons were counted 


was separated from the next by two 30 u sections, no neurons could 


3. Interpretative Problems 


There are inherent problems in the use of this neuroanatomical 


‘procedure that must by recognized and addressed in the interpretation | 


of experimental material: Questions concerning the HRP method include: 


1) It has been suggested that a high paraformaldehyde concentration 


in the fixative might inhibit, the demonstration of reaction product 


(see e.g. Kim and Strick, 1976; Jones and Leavitt, 1974). 2) The 


method used to develop the reaction product might be important for 


adequate visualization of the HRP label (de Olmos, 1977). 3) Although 


| it is unlikely that HRP is taken up by fibers of passage (see Nauta © 


et al., 1974; LaVail et al., 1973), the enzyme is incorporated 
and transported by cut or damaged axons (see Halperin and LaVail, 


1975; Adams, 1976). 4) Certain fibers might show a specificity 


for the incorporation of HRP (see Bunt et al., 1976; Stockel et 


al., 1974; and Nauta et al., 1974). 5) Finally, it is difficult 


— to estimate the effective size of the actual area of HRP incorporation, 


and this can lead to the identification of a’"false positive" projection 


(de Olmos, 1977). 


> 

é 


UMI 


The data presented below demonstrate that following HRP injection 


- into physiologically defined loci in ICC, HRP-labelled neurons were 


localized within all auditory nuclei known to project that nucleus. 
Some of these projections had previously nees defined by anterograde 


(e. 8. Warr, 1969) and retrograde (e.g. Osen, 1972) degeneration 


techniques, as well as by the HRP method (Adams, 1975; Brunso-Bechtold 


and Thompson, 1976). In addition, CN cells that were labelled in 


‘ 


‘ this experimental series were also found tobe labelled in another HRP 


study —— and Warr, 1976) in which O-dianisidine was used to — 


the reaction product. The use of “paraformaldehyde fixative obviously 


did not ‘suppress demonstration of ‘reaction product in ‘the meRaries. 


below and in other studies (see- e. Ralston and 


1973; Wong-Riley, 1974; Bunt et si; 1976). Thus it‘ appears unlikely _ 


that specificity of uptake, or the method of fixation or development, 


limited these experimental observations in any way. 
_ As indicated in the results, many nuclei contained label following 


large injections, and in the smaller injection cases neurons within 


only a few nuclei were labelled. After an injection into ICC, 


arrays of labelled neurons in the projecting brain stem nuclei 

were restricted to epactfic locations within those nuclei. In addition, — 
the topography of those arrays of labelled neurons correlated extremely 
well with the represented cochlear place of the saheuiis site and 

the known cochleotopic organization of the projecting nuclei. This 


correlation strongly supports our belief that injections were restricted 


to given loci in ICC and that HRP was incorporated. by the limited 
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number of axons that terminated at those loci. Because small volume 


injection cases resulted in very restricted labelling, it would 


also appear unlikely that this labelling represents fibers of passage 


or extensive damage to axons coursing across the ICC. 


Tp summary , results of this study have been conservatively 


- analysed with due respect to the recognized limitations of the HRP 
‘technique. The strong correlations between physiological data and 


anatomical results further support the validity of the anatomical = 


data derived in this study. 
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V. Results 


A. Anatomical Studies 


| ae Origins of Brain Stem Afferents to the Central Nucleus 


By use of the retrogade axonal transport of HRP, these 
experinesits have defined the origins of the brain stem auditory 

afferents to the ICC. In this experimental series, HRP-labelled 
‘in over ten btain stem auditory nuclei 
following injections of the enzyme into the central nucleus. 
In the largest-volume injection | cases (. 5 ul; 16-26, 76-28) 
neurons within all of these major erétecttiin nuclei contained 
the retrogradely iaeeecenes label. As described in detail below, 
neurons in only a limited number of these nuclei were labelled 
with reaction product in sual ler-voiume injection cases; in each 
of these smaller-injection experiments, the nuclei in' which the 
HRP-labelled: neurons were localized varied from experiment to 
experiment, depending upon cha location the injection site 
within the ICC. | | 

The nuclei labelled following the two ) largest injections 

were identical, and the projections defined were generally consistent 
with resuite in the earlier, brief reports of Adams (1975). and 
Brunso-Bechtold on Thompson (1976). These results are illustrated 
by case 76-26. The majority of labelled neurons were located 


bilaterally in the DNLL and LSO, ipsilaterally in the VNLL and 


MSO, and contralaterally in the three major divisions of the CN. 


Scattered HRP-neurons were also observed in the ipsilateral ventral 
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neurons within each division (following ICC injections) were: 


and lateral periolivary nuclei (PON) pa CN (all three dvisions), 
in the contralateral IC, and (in this case only) bilaterally 
near the facial nucleus. 

Densely labelled bilaterally in the 
DNLL (Figure 5) and ipsilaterally in the VNLL (Figure 6). HRP- 


labelled neurons in the DNLL were clustered in “Aelends" and 


prominently labelled axons of the lateral lemiscus were often 


on the ipsilateral side (Figure 5-C). Granules of reaction 


product were most commonly found in fusiform (Figure 5-C) and 


multipolar’ (Figure 5-D) neurons, and unlabelled cells lay in 


close proximity but did not intermingle with each cluster of : 


labelled neurons. 


The VNLL apparently constats of two divisions. One of these 


units is glenda and elongated and is vertically oriented along | 


the nein ‘body of the ascending fibers of the lateral lemniscus 


(Figure 6-A). wre ventral of VNLL is situated medial 


to the ascending lemniscal fibers and consists of an ovoidal 
cluster of cells (Figure 6-B). Neuroanatomical (van Noort, 1969; 


Warr, 1966, 1969) and electrophysiological Cah et al., 1970; 


Guinan et al.,’ 1972 b) evidence suggests that these two VNLL 


divisions are functionally different; the arrays of HRP-labelled 


also very different. HRP-labelled neurons in the vertically 


oriented dorsal part of "VNLL" were organized in bands that 


52 


seen coursing at angles to the ‘somas of the labelled neurons 
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generally traversed the entire medial-to-lateral dimension of 
that division (Figure 6-A). Labelled neurons within a band 
or "streak" were typically bitufted or spindle-shaped, with 


their dendrites oriented normal to the fibers of the lateral 


lemiscus (Figure 6-C,D). Unlabelled and labelled neurons were 


intermingled within any given band. By contrast, HRP-neurons 


within the more ventral division of the nucleus were restricted 


to a single, dense cluster, and there, labelled neurons were 


generally multipolar or star-shaped (Figure 6-B,E). 


HRP-labelled neurons were found within the ipsilateral MSO 


: "and PON and, bilatérally, in the LSO' (Figure 7). Sections stained 


with cresylecht violet indicated that along the region of labelling 
most, if not all, of the neurons in each nucleus were labelled | 


with HRP granules. The distribution of HRP-labelled neurons in 


‘those (and other). nuclei systematically changed as a function 


of the best frequency of the injection site (see below). No 
label was ever found in the neurons of the medial nucleus of 
the trapezoid body (MNTB) or tn the contralateral MSO. ~~ 

Neurons in all three sidieheiues of both CN complexes © 


contained HRP granules, but far heavier labelling was evident » 


in the contralateral CN. In the contralateral DCN, fusiform 


: cells of the middle laminae were heavily labelled (Figure 8-B); 


other neurons in the deep lamina including a few giant cells 
(Figure 8-A) were also labelled. No reaction product was observed 


in neurons within the superficial lamina. In the contralateral 
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PVCN, octopus cells (Figure 8-F) and multipolar cells (Figure 8-D) . 
contained granules of reaction product; many marginal and globular 
cells (Figure 8-E) were also labelled. In the rostral aspect 
of the contralateral AVCN, including the large spherical cell — 
field and the lateral cap area of Osen (1969 a,b), many neurons 
were labelled. However, only small cells were labelled with 


HRP reaction product (Figure 8-C); the easily characterized 


large and small spherical cells in AVON apparently were not _ 
labelled. 
In addition to these ioe i projections, small numbers of | 
"labelled neurons were . found in the ipsilateral ventral and lateral 
: periolivary cell Laity (Figure 7-F). AS indicated above, scattered 
ERP-neurons were ates seen in the three. divtatons of the ipsilateral 
CN complex. A small number of labelled neurons were . observed 3 
in the contralateral ICC, scattered widely throughout its mass. 
Finally, a small group of neurons immediately 
to the medial division of the facial motor nucleus ‘and at “the 
lateral margin of the pyramidal track EY HRP reaction 
| product (Figure 8-G). These labelled neurons appeared to be 
located within the nucleus reticularis paragiganticocellularis 
lateralis of Taber (1961). The HRP-neurons were located bilaterally, 
and were only observed i this case (76-26). ) | 
In cilia: these HRP-studies have defined the various origins 
of the brain stem auditory afferents to the ICC. Results of 


this anatomical study have clarified some of the inconsistencies 
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reported in earlier degeneration studies. They are generally 
consistent with results of other HRP studies in the cat. Thus, 
major brain stem auditory projections to the ICC originate bilaterally 


in the DNLL and LSO, contralaterally in the CN, and ipsilaterally 


in the VNLL and MSO. Other, less prominent, projections arise _ 


in the ipsilateral PON and CN, and from the contralateral IC. 


2. Topography of Brain Stem Projections to the Central Nucleus» 


: The topography of these defined brain stem projections could 
be directly related to the known physiological (i.e. cuskdesieadn’ 
ereantzetton of the ICC and brain stem auditory nuclei. ‘Within 

the major projecting nuclei in the MSO, 
LSO, and the contralateral CX), the location of the HRP-labelled 
systematically shifted a function of the 
cochiear place (best frequency) at. the injection site. This : 
is by two silustrated volume injection 
cases (76- 26, 76- 28), since all of the major projecting nuclei 
were labelled in these cases, and the injection sites represented 
wtenk (76-26. at 2 kHz, or 8. 0 mm from the cochlesr apex) and — 
more (76-28 at 9 kHz, or 2 mm from the cochlear 
sectors of the cochlea. | 
. Following the injection at the 2 kliz representational locus 
in the dorsal aspect of (76-26), labelled neurons were located 
the dorsal~nedisi tip of the ipsilateral MSO and, bilaterally, 


in the dorsal-lateral tip of the LO (Figure 9-top half). after 


an into the representational locus, more ventral 
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in the ICC (76-28), the cluster of HRP-labelled neurons in these 


nuclei were displaced to a more ventro-lateral position in the 


“MSO and to a more ventral position in the LSO (Figure 9-bottom 


half). Both the locations of HRP-labelled neurons within the 


MSO and LSO and the recorded best Precnibctes at the injection 


sites correspond closely with the known tonotopic organization 


of these structures (see Guinan et al. 1972 b). Note that 


_a smaller eluster of HRP-cells ‘is situated more 
‘the MSO and LSO of 76-26, presumably a result of the spread 


of HRP to a more ventral (4. e. higher frequency) of. 


the ICC. 

‘For all injection cases in which the MSO and LSO were labelled 
by the retrograde tracer, the HRP cells were distributed along 
the entire rostral-caudal of the 


Figure 9), forming a slab-like array of neurons. The width of 


this array (in frontal section) vdithin each nucleus varied in 


é 


different cases as a function of the volume of the tracer injected, 
but the length of the projecting "slab" seas the rostral-caudal 


extent of the nucleus, regardless of the size of the injection. 


Larger injections resulted in a fairly labelled 


neurons (Figure 9, 76-26, 76-28); the array was much narrower 


ee smaller injections. In the smallest volume injection case. 


(76-4, 0.1 u1) in which neurons in the MSO oe LSO were labelled, 


only a HRP-labelled neurons were present in each 90 


section, but they were evenly distributed along the entire length 


of each nucleus (Figure 10). Results in all other cases were 
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consistent with these topographical findings. 
In the éontralateral CN, the distribution of the tracer 


could also be directly related to the represented cochlear place — 


at the injection site. Figure 11 compares the patterns of HRP- 


labelled neurons following the largest low best frequency injection 


(76-26, 2 kHz, 8.0 mm) and the largest high best frequency injection 


(76-28, 9 kHz, 14.2 mm). The low best frequency injection (76-26) 


led to transport of HRP by neurons (primarily fusiform cells — 


, and a few giant cells) localized ventro-caudally in DCN (Figure 11, 


section 2) and in multipolar cells (Figure 11, sections 5,9) of 


_PVCN. Many globular cells and some marginal cells were also — 


labelled (Figure 11, section 18). In the AVCN, small neurons 


containing HRP granules were scattered throughout the rostral 


portion of the nucleus (Figure 11, section 25), including ‘the 


area described as the large spherical cell field by Osen (1969 a... 
The higher best frequency injection of 76-28 (Figure 11, 


lower row) led to labelling more rostrally and dorsally in DCN, 


and again the reaction product was most prominent in the fusiform 


cells of the middle lamina (Figure 11, sections 3.7.10). T. 


PVCN, HRP granules were present ‘in small cells and ‘in multipolar » 
cells situated further rostrally and dorsally (Figure 11, sections 


7,10) than in 76-26. As in the latter experiment, a contingent 


of labelled neurons occurred asa swathe across AVCN at a mid- 


rostral-to-caudal level (Figure 11, section 19), identifiable 


- in this and other high frequency injections as the small spherical 
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cell area (Osen, 1969 a,b). As in the case of the more rostral 
AVON labelling of 76-26, only a fraction of the small cells 
in this area were labelled (labelled neurons did not appear to 
be the small spherical cells of this field). Note that the 9 
— kHz best frequency injection of 76-28 did not lead to uptake 
 & the rostral aspect of AVCN, except at its dorso-rostral tip 
(Figure 1, lower section 25). Cells in this 
_ labelled in other -experinante ‘and were presumably analogous eee 


to the peripheral cap of marginal cells observed by Osen (1969 


a,b) and Merzenich (unpublished observations). 
The topography of these connections, most apparent in the 
fusiform cell layer in the DCN, confores with. the defined tonotopic 
organization of the CN complex (Rosa et ae 1959). Thus, for 
example, a located relatively caudally 
and ventrally projectes to relatively doviesi (low best frequency) 
regions of ICC, while a more dorsal and rostral ‘strip sie 
£& ventral (higher best regions of the ICC. 
Results in all other cases were consistent with these findings. — 
relationship between the distributions 
of labelled neurons and the best frequencies at the injection 
sites were not nearly as apparent in the NLL. : The complex and 
irregular appearance of the clumps of cells composing DNLL madé. 
exact Sees in between the regions containing HRP cells in 
different experiments difficult. Reever. in general, for lower- 


frequency injections labelled cells were concentrated in the 
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more dorsal aspect of the cellular islands (e.g. 76-26); while 

ICC injection cases, labelled cells were 

observed more ventrally in DNLL (e.g. 76-28). This is consistent 

with the described tonotopic organization of DNLL (Aitkin et al., 

Cells in the lateral streak of VNLL (Figure 6-4, €.D)-were 


labelled in bands, and although the thickness of the bands varied 


from experiment to experiment, it was virtually impossible to. 


determine the topographic relationship between cells in this 


portion of VNLL and the injection site. By contrast, the rounded | 
mass of cells at the ventral extremity of the VNLL consisted 
of a single, relatively uniform cluster of neurons (Figure 6-B,E). 
Although there was clearly a shift in the main concentration of 
labelled cells from experiment in the irregular boundaries 
‘of the ventral part of VNLL made any topographical relationships 
with injection sites difficult to define. see | 
Thus, the topography of the major projections from brain 

stan nuclei those of projections: 
and complex) to the ICC can be directly related 
to the ines (i.e. laminar) organization of ICC. In addition, 
of these cliariy demonstrate the precise . 

relationship between the known physiological (i.e. cochleotopic) 
| organization of the ICC and these various projecting brain wane: 


structures. 
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3. Segregation of Brain Stem Afferents to the Central Nucleus 


As demonstrated above, all brain stem auditory nuclei known - 


to project to'the ICC were labelled following the larger HRP 


injections. In each of the smaller volume cases, neurons in — 


only some of these nuclei were labelled. These smaller injections 


were often made at sites in ICC representing similar sectors 


of the cochlea, but the distributions of HRP=neurons in the 


brain stem (i.e. the nuclei which were labelled by the tracer) 


were never the same. Data from these injections indicate that 


afferent inputs to the Ice from different brain stem auditory 


nuclei are segregated to at least a large extent within the 


Icc, and that regions of areas within TCC that represent the 


same cochlear place can receive tenet from different auditory 

| Two of these smaller injection cases (76-4, 0.1 ul, 15.4 mm; 
76-10, 0.25 ul, 16.4 mm) clearly demonstrate this segregation of 


ascending afferents to ICC. These injections were both made in 


high frequency regions of. ICC, yet were sufficiently far apart 


to make it unlikely (given the nearly parallel orientation of : 


the afferent fibers and the injection needle) that major overlap 


occurred between ascending axonal groups that incorporated and 


transported HRP. The injection of 76-10 was introduced in the 


extreme posterior aspect of ICC; while the injection site of 76-4 


was located centrally in the nucleus. HRP-labelling following 
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the injection in 76-4 was restricted solely to neurons in the — 


ipsilateral MSO, LSO, and PON. In each 90 micron section only | 


1-4 neurons were labelled in each nucleus; neurons clearly contained 


reaction product, and were restricted to the ventral tip of MSO 
and medio-ventral aspect of LSO (see Figure 10). The topography | 


of the projection in this experiment was thus similar to that 


of 76-28 (Figure 9), although numbers of labelled cells were 


either side. 


6 


By contrast, over 75% of labelled neurons in experiment 


- 76-10 were within the principle divisions of the contralateral 


CN (Figure 12). There was also labelling of a small number 


of neurons in the ipsilateral VNLL and PON. In this case, no 


| neurons were labelled in the MSO, LSO or DNLL of either side. 


Results from.these experiments are compared to four other injection | 


cases in Figure 13. For each case, the number of labelled neurons 


in each nucleus is plotted as a percentage of the total number 


of HRP-labelled neurons recorded in each experiment (N's in 


Figure 13). Only neurons in the thick (90 micron)’ sections 


were counted. As illustrated, the labelled nuclei and the proportion | 


. of HRP-labelled neurons distributed within each major projecting 


nucleus were very similar following the two larges volume injections 


(76-26, 76-28; Figure 13-C}D) but the results of other (smaller) 


recorded injection cases differed in detail from these larger 


volume cases and from each other (Figure 13-A,B,E,F). 
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far lower, No neurons were labelled within the (Nor NLL on 
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For example, in 76-10 over 75% of the labelled ial were 
‘localized to the contralateral my, while in 75-6, less than ‘5h 
of the total number of HRP — were found in the contralateral 
CN. Over 35% of the ‘labelled neurons were in the contraisteras 
CN in 75-8, and the CN contained no HRP cells in 76-4. Tn fact, 


over this experimental ik. no single nucleus tivariably 


contained labelled neurons. Thus, no singl e nucleus can project 


to all parts of the ICC, 
These results provide anatomical evidence for 
of the ascending angeee from brain stem auditory nuclei within 
the Larger presumably resulted in incorporation 
and transport of HRP a axons terminating over a large area in 
‘ICC, and therefore eltcmeraccnds neurons were found in all brain 
stem auditory nuclei projecting to ICC. “Following injections, 


HRP was presumably incorporated by terminals ending in relatively | 


restricted regions of ICC, and therefore labelling was restricted 


to a limited number of projecting nuclei. As demonstrated earlier, 
regardless of the size of the injection and the number of nuclei 
labelled, the _topography of the. defined projections corresponded 
with the known ‘cochleotopic organization of the brain stem auditory 
nuclei. Thus it would appear that there is a cagragatscn of 
| afferent iia in the 106, and that this segregation constitutes 


another feature of the anatomical organization (in addition to 


the lasinar organization) of the 
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| Be Physiological Studies 


» An initial objective of these experiments was to determine the basic 
distributions of neurons with different response properties within the 
ICC, and to relate their distributions to the three-dimensional 


cochleotopic — of the nucleus. These basic data (reported 


below in cack tues 1 and 2) were Gerived in a series of experinents in cats 


in which rabponse properties were defined for large numbers of neurons 


studied within the ICC in each individual experiment. In these studies, 


as a function of the location along the cochlea (distance from the 


single neurons were isolated in horizontal or dorso-ventral microelectrode ~ 


penetrations that passed through the nucleus. 


Response Classes and Discharge Patterns of Central Nucleus Neurons 


Some of the data from these experiments is summarized in Figure 14, 


in which the number of monaural and binaural ICC neurons studied is shown 


cochlear apex) that they represent (see methods). The distribution of 


all binaural and monaural neurons studied in this cories is represented 


é 


in 14-F. The paucity of neurons ‘representing sectors 
further than 16 an less than 4 om from the apex is probably a consequence 
of experimental limitations. That is, restrictions 
prevented recording a of neurons ‘in the most ventral 
aspect (hie. tee region of representation of the cochlear base or of high 
frequencies) of the ICC when a horizontal approach se the ICC was used. 
Penetrations intended ne survey the most dorsal eo the region of — 
representation of the cochlear apex, or low frequencies) of Icc often 


skirted the nucleus. This skewed distribution should not be interpreted 


to indicate, then, that there are substantially fewer neurons in ICC 
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representing these regions of the basilar partition. In fact, there is 
representing sectors of the basal cochlea actually occupy a larger volume 
of the ICC than do those representing more apical cochlear sectors: 
| The dsttibdtion of monaural and binaural ICC neurons representing 
 s¢terens cochlear loci, is illustrated in Figure 14-A and “" Of the 
546 ICC neurons studied in this experimental series, 179 (332) dare : 
excited or inhibited* solely by stimulation of one ear and were therefore 
classified as monaural. Re — “of 364 (67%) ICC neurons were 
influenced by inputs derived from both ears, and were therefore classified 
as binaural. Three other ICC units were spont aneously active, ins were 
unaffected by the applied auditory stimulation, 
It was ae that binaural ICC neurons could be sharply énlissated 
into three major classes by their responses to eae, frequency tones: 
1) neurons whose firing rate varied as. a function of titeraural time 
‘differences of 250 usec or (the behaviorally relevant range in the 
“Gas see Rose et al., 1966); 2) neurons whose firing rates varied as a. 
‘sensitive function of interaural intensity differences; ‘and 3) neurons 
whose firing rates primarily seakan as a aks function of the intensity 
‘of stimuli either or both ears, but were not noticeably | 


sensitive to interaural time or intensity differences. 


* * It is well known that stimulation of one ear can generate both | 
excitatory and inhibitory inputs that impinge upon the same ICC neuron 
(e.g. Rose’ et al., 1966; Nelson and Erulkat, 1963). The experiments 
' reported here were directed towardeassessing the overall activity of a 
population(s) of ICC neurons and hence descriptions of single unit responses 
refer to the net excitation or inhibition of a neuron observed under the 
defined stimulus conditions. No attempts were made to quantify the excitatory 


and/or inhibitory = nagar that resulted in that net excitation or 
inhibition. 
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The distribution of these three classes of binaural neurons (as a 
the organization of the ICC) is:shown in Figure 
14-B, C, and D. Note that "intensity-sensitive" binaural seiveens were 
| relatively evenly distributed as a function of represented cochlear place 

14-D). Interaural time-sensitive neurons primarily represented 


the most apical 8 mm of the basilar partition (Figure 14-B). By contrast, 


(146/177, 82%) intensity-sensitive neurons derived their 
cochlear position more basal than the 
The éxcitatory inputs to ICC neurons duitvered from each of the two 

ears are summarized in Figure 15. Most excitatory inputs — drove Ice 

neurons were ae derived from the contralateral ear (Figure 15-B). 
Nearly all monaural neurons , and nearly all binaural: neurons sensitive to — 
“interaural intensity differences were excited -by stimulation of the 
contralateral ear (tees 15-A, D). In the vast majority 74/177, 98%) 

of neurons to interaural intensity ferences. the contralateral | 
input was excitatory anid the ipstlateral input inhibitory. By contrast, 
the ipsilateral ear more frequently excited binaural ICC neurons whose 


: firing rates were functions of interaural time differences or those 


binaural neurons that were not sensitive to differences of jeuenens | tiie 
or intensity. While the great eutrixe (93/108, 86%) of time-sensitive 
ICC neurons were excited by contralateral stimulation, about one-half 
(47/108, 44%) were aiso driven by ipsilateral eonaural 
(Figure 15-C). ‘be will be discussed in detail below, most (87/108, 81%) 
of the time-sensitive fired maximally with the contra- 


lateral stimulus leading. Nearly all Icc neurons (70/79, hows with 


"intensity" response functions (i.e., neurons that were not sensitive to 
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‘differences in interaural time or Roresetty7, Ware driven by contralateral 


stimulation. A majority (49/79, 62%) of ni neurons were also excited 


by tonal stimulation of the ipsilateral ear (Figure iS-E). In 73 of the 


79 “intensity” sensitive cells studied, the discharge rate to binaural 


stimulation typically represented either a summation or a facilitation of 
the responses to, stimulation of either ear alone. The remaining six units 


categorized in this class were spontaneously active and were inhibited 


by monaural stimulation of either ear, and by binaural stimulation. 


in these response “classes- 


were categorized (using supra threshold best frequency tone pips) as onset 


i.e. cells that responded at the stimulus onset with a single iota or a 


8 


brief burst of spikes, or sustained, i.e. cells that. tesponded throughout 
mst or all of the stimulus duration. "Onset" neurons responded only at 3 
che onset regardless of the frequency, intensity, or laterality 
of the applied stimulus. Dischatge patterns of "sustained" ICC neurons 
changed as. a function of the stimulus Parameters, but were eustained 
under the defined stimulus enlitien. Similar findings have been 
reported in ICC studies in the cat (Rose et as. 1963) and kangaroo rat 


Distributions of. Sonset” and "sustained" subclasses are plotted 


as a function of represented locations along the boat ba partition in 


| Figure 16. While ‘ie majority (334/532, 63%) of ICC neurons responded to 


monaural or binaural bast frequency tones with sustained discharges | 
(Figure 16-F) , 198 units discharged only at the stimulus onset (Figure : 
16-A). Note that ‘each "response class" of ICC neurons contained unten : 


that could be categorized .as ' ‘onset" or “sustained”. The distributions 


monaural neurons (Figure 16-B, C) and of 


| 
(re the cochleotopic order of ICC) of onset and sustained responses to | 
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ewurons (Figure 16-E, J) are and over the 
cochlear distances represented along the abscissa. By contrast, most 
(86/108, 80%) interaural time-sensitive neurons and two-thirds (118/177, 
67%) of the interaural ii ua dng cells fired with sustained 


discharge to binaural best tones (Figure 16-C, D, H, 


és Segregation of Neural Response Classes with the Central Nucleus 


Within ICC, neurons in the Same response class are usually found . 


_in close proximity to one another. Although exceptions are common, for — 


neurons representing any given sector of the basilar membrane within ICC, 


_ response classes typically change, as a function of location within the 


nucleus. , ‘This is Ses ore in horizontal. microelectrode 
penetrations and provides strong physiological evidence that: 1) afferent 
inputs that drive neurons of given response classes” are segregated within 
ICC; and 2) the segregation of ICC neurons of different ‘response classes 


constitutes an additional (as yet. unappreriated) feature of the 


of the’ nucleus. 
Figure 17 illustrates two ‘Tepresentative cases taken from this 


series of experiments. In wametver ines 1 and 3 of experiment 76-41, and 


penetrations 1 and 2 of experiment 76-46, neurons isolated represented a 


restricted sector of the basilar membrane , indicating ‘the electrodes must. 
have passed ‘approximately to the ICC taninae. In penetration 
1 of 76-41, the response properties of 16 ICC neurons were categorized. 


During this penetration, 12 units in a row were eit aians that were 


, sensitive to: interaural clue differences (filled triangles, left-most 


graph). Each time-sensitive unit was driven by monaural contralateral 


a 


and ipsilateral stimulation (c.f. Figure 15-C), and responded with a 


2 
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All eight were driven by the contralateral ear and inhibited by the 


- sustained discharge pattern (c.f. Figure 16-C, H). Eight of these twelve 


_ time-sensitive neurons discharged maximally when the ipsilateral stimulus 


was leading; three units fired best when the contralateral stimulus was 


delivered first; and one unit responded maximally when no interaural time 


differences were introduced. It is remarkable that in this entire 
experiuestal thirteen time-sensitive neurons (of a total of 


108) were studied that discharged maximally when the ipsilateral stimulus 


Pr 


was leading, and eight of those neurons were isolated in this penetration, 


"within 1500 microns of one another. == 


A sequence of ten time-sensitive neurons was also encountered over 
oer 1500 microns in penetration 1 of 76-46. All interaural 
cime~sensitive units isolated in penetration 1 of 76- 46 responded maximally 
to ipstisteral time and eight of those ten units at the 
onset of the binaural stimulus. Pee note that only 22 time-sensitive 
neurons were jeukeeis in this experimental series that discharged at the 
stimulus onset, and over one-third of them were encountered .in this stuatn 
penetration (see Figure 16-C, 

Meuron studied in penetration 3 of 76-41 and’ | penetration 2 of 


76-46 earived their Sages from approximately the same sector of the 


basilar membrane poe 15-16 mm fice the cochlear a There was no 


obvious segregation or grouping of response classes in ‘con fees seven 

neurons isolated is\- penetration 3 of 76-41. Neurons with binaural (filled 
symbols, Figure 17) and monaural (open circles) properties were intermingled, 
and wie spontanéously active unit (asterisk) was unaffected by auditory 


stimuli. However, eight of the next nine neurons isolated successively 


in this penet ration were sensitive to interaural intensity differences. 
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ipsilateral ear (c.f. Figure 15-D) , and five responded at the stimulus 


onset (c.f. Figure 16-D, I). In penetration 2 of 76-46, eleven neurons 
sensitive to interaural intensity differences were isolated consecutively; 
again, all were driven by the contralateral ear and inhibited by the 


ipsilateral ear. 


The first of interaural 
‘neurons discharged throughout the bubakiee of the stimulating tone, while 
‘the three most rostral studied binaural neurons responded only at the 
| stimulus onset. | 
Penetration 2 of 76-41 did not parallel ICC laminae, and neurons 
examined in this microelectrode cochlear loci covering 
approximately a 4 mm segment of the basilar partition. The first eight | 
units studied were isolated within. 500 microns of one another. All were’ 
sensitive to interaural intensity ss ent one each was driven by the 
contralateral ear and. inhibited by the ipsilateral ear (e. f. Figure aig 
Seven of those eight interaural "intensity-difference" neurons fired ‘ 
throughout the duration of the stimulus oa f.. Figure 7-D, 1). A variety 
) ee response functions and discharge patterns were seen in the neurons ‘ 
| oneteed from that point on, and although no obvious order was present, 
most neurons were influenced ‘by binaural interactions. 
. ‘Most neurons isolated in the ceatel aspect of ICC in three horizontal 
‘in were monaural (Figure 18). Penetration 
covered 3000 microns along the dimension 
‘of ICC, and twelve of the eighteen ICC neuzons isolated oe monaural, 
and fired only at the onset ofa contralateral stimulus (c.f. Figure 16-B, ¥ 


~G). All other neurons studied in this microelectrode track also responded 


only at the stimulus onset, with the exception of one spontaneously active 


unit that was unaffected by auditory stimulation (asterisk). 
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In penetration 2, twelve of the first fourteen neurons isolated over 


the caudal 2800 microns of the ICC were only driven by contralateral 
monaural stimulation. Response patterns of these monaural units were 
evenly distributed between onset and sust ained discharges, and were not’ 
| grouped. More rostrally, sixteen’ neurons were taciatad, 
thirteen of which were binaural. The responses of ten of Ones binaural 
units was a function of interaural differences, tee 
ore patterns (onset or sustained) were not’ clustered in any discernible 
order. the theres othe: binaural units (indicated by filled were 
all: spontaneously and inhibited by stimulation of either or. both 
oars. Chine ne were located within 350 microns of one anit and 
appeared to the (RVP) of the ICC 
(van Noort, 1969; FitzPatrick; 1975). 
3 of 76-55 (Figure 18), all neurons isolated in the 
‘more postérior aspect of ICC ie aes eonaural and driven by the 
ear. this monaural sequence of the microelectrode 
track, éour onset neurons were examined over approximately 700 microns; 
and the seven sustained monaural units were encountered over the next 
700 microns G). and discharge. 
patterns ‘of neurons isolated along the remainder of this penetration Es 
were mixed. | | 
The jaan cldsses of ICC neurons also appeared to be grouped or 
clustered together along the. lateral-to-medial ‘dimension of the nucleus. 
Figure 19 summarizes data obtained from an experiment in which the 


electrode was introduced into the lateral surface of the IC in a horizontal 


plane. Here the represented cochlear place of Studied neurons is plotted 


as a function of distance from the lateral surface. ‘In each penetration 
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‘the cochlear place represented by each isolated neuron gradually moved 
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toward the apex, and then reversed and continued to progress more basally. 
The general shape of each curve is compatible with the orientation of the 
ICC laminae in the cat as defined by Golgi acudies (Rocket and .Jones, 
£9738) » and if each curve in Figure 19 aad inverted, ‘their shape and 
orientation closely approximate the contours of ICC laminae (c.f. Figures 
5 and 22, Rockel and Jones, 1973a). 


Note that although in each penetration 4 similar sequence of neurons » 


_were isolated that represented nearly identical cochlear positions relative 


to the lateral-medial distance in the ICC, the classes of neurons studied 


in these two nies were quite different. In penetration 1, twelve 


of the first 15 neurons studio’ were sensitive to interaural time 


differences all (11/12) of these éelay~sensitive 
" 


cells fired in a sustained pattern to best frequency tone pips (c.f. Figure 


16-C, H). Ten of the euxt «leven neurons isolated were sensitive to. 
interaural intensity (filled circles) ; their 
were evenly dict cthatel Series onset and sustained. In penetration 2, 

the response the apical 8 nm of 

the were mixed. rates of.eight of. the nine neurons isolated 


within the most medial 1700 microns of this penetration were functions of 


. binaural intensity levels; none of these eight neurons were sensitive to. 


interautal time, or intensity Seven of 
only at the onset of the stimulating tone (c.f. Figure 16-E, J) and 


showed binaural facilitation; ‘ all were driven by monaural stimulation 


_ of either ear (c.f. Figure 15-E). 


Figure 20 illustrates data obtained from an experiment in which the 


response furictions and patterns of ICC neurons were studied using the 


more "conventional" dorsal-to-ventral microelectrode aia. The 


i | 


response functions of the twelve units isolated over the first 2000 aicrons 
of penetration 1 were mixed. Six units studied over the next 800 microns 
were sensitive to interaural intensity éi¢tereaces (filled circles). Each - 
' discharged in a Sustained pattern to the best frequency tone. Most (18/21) 
neurons isolated in this penetration responded with | a sustained firing 
pattern, regardless of their other tesponse characteristics. te. £6. Fieve 
16). Penetration 2 of 76-33 passed across the most medial aspect of ICC, 


and most (16/23) neurons isolated along this electrode track were monaural. / 


This was particularly evident in the deeper _ ‘of ICC where thirteen 
of the most ventral jouctuah units isolated were monaural and ious by 


the contralateral ear with a sustained discharge pattern (e.f. Figure 16- 


B, G). The ereciieas of a large majority (21/23) of neurons ‘aeeeese in 
this penetration were sustained. 
In summary, data obtained from eres in which large numbers 
of isolated neurons were studied within each ICC demonstrate that neurons . 
= different "elassse” are typically segregated from one another within 
ICC and suggest that neurons of the same "class" in close proximity to 
another synaptic inputs from similar sources. These 
indicate, then, that the segregation of neurons of 
"classes" within ICC constitutes another basic feature of the 
organization of that nucleus that is superimposed upon the fundamental 3 


(cochleotopic) order of ICC. 


3. Response. Properties and Distribution Central Buclous Neurons 
Sensitive to ‘Interaural Time Differences 


In 19 other singse unit ‘experiments in: cats, and attempt was nade 


to determine if there is some form of spatial representation of the hon 
4g 
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frequency sound field (i.e. sete internal organization of neurons sensitive 
to behaviorally relevant differences in interaural time) within ICC. 

Rose et al. (1966) oidinatin tices neurons in the ICC of the cat 

that discharged maximally or minimally at a fixed interaural time difference. 
This specific time difference (or "characteristic delay") 446. 
change as a function of ts treeeency. or spectrum (with 
cies acdc of the applied acoustic waveform (Sess et al., 1966; 


Geisler et al. , 1969). By virtue of their sania to a fixed icimecenl 


delays could conceivably be used to encode the ckkhes of a low frequency 
sound source. These and seaman studies on time-sensitive neurons in'the 
cat ICC often employed interaural time differences “aii outside of the 


physiological ‘range for that ‘Ce. Benevento and 1970; 


Altman, 1966). 


Interaural time-sensitive ICC neurons must in some way encode sound 


| location within the low siatiaamaniad sound field. Yet, to date, no information 


eatane to suggest how this encoding is accomplished —* or how time- 


sensitive neurons with different characteristic delays are distributed 


within the ICC. In order to*determine, then, if the location of a low 


frequency sound source is represented spatially within icc, 


cia seat rates. that occurred within the physiological range of interaural 


, en delays (i.e. t 250 usec for the cat; see Rose et al., 1966) wis | 
recorded from a large population of ICC neurons with characteristic delays, 
and the aceite time differences at those maximal discharge rates were 


related to. the organisation of that nucleus. 


It should be noted that during this experimental series, a number 


of penetrations in ICC were made in which no time-sensitive neurons were 


time delay, Rose and colleagues suggested that neurons with characteristic 
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In- these penetrations, the microelectrode isolated many neurons 
respresenting the apical cochlea (i.e. their best Sessiaiisted were below 
2500 Hz), yet their ulin we not functions of interes time 
differences in the physiological range. Thus, ieveecntinrte delay neurons 
appear to be restricted to a’ regiori(s) of the low frequency tentnee 


within ICC, and are not distributed throughout the dorsal (i.e. low 


€requency) aspect of the nucleus. 
Responses of one ICC neuron representative of the delay- 
sensitive population(s) are plotted as a 
differences in the physiological range in Figure ‘Neural responses 
(Figure 21-A) have been converted to a percentage of the maximum neural | 
he | ; response observed within the behavioral range of interaural time delays 
| at each intensity level (Figure 21-3). Neuron 74-48-9 is representative a 
of the majority of delay-sensitive ICC cells; tt 
at intensity level, when normalized of the maximum 
_ discharge rate at that level, are neural 
oan na at any given loudness level occurred with an inkaeueal 
time difference of about 225-250 usec, with the contralateral ear leading. 
The characteristic delays of many isolated neurons (see below) were 
near the extreme limit or outside the behavioral range. In the following 
illustrations revealing discharge properties of these neurons as a 
function of interaural time differences, discharge rates are as 
a. percentage of the number of neural discharges that occurred at the’ 
maximum possible tine (i.e. 250 usec). It should 


be noted that all time-sensitive ICC neurons studied discharged strongly 


‘to binaural stimuli within the behavioral range of interaural time differences. 
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The responses of neurons with characteristic delays — the 
population(s) of ICC units examined are summartzed in the next seven 


illustrations. Most, but not all, ICC neurons sensitive to interaural 
time differences have characteristic delays (Geisler et al. , 19693 
Stillman, 1971b). Thus a ee of stimuli were ‘applied to the neurons 


‘Gescribed to document characteristic delay. 


Regardless of the 
frequency, spectrum, or tntéasity of the applied binaural stimuli, these : 
neurons responded best at a particular ‘interaural time difference within : 
the 41 lustrate four -exemples—in which 
the stimulus was located = a ae apical (Figures 22-A; 23+A, B) or basal | 
(Figure 22-B) position along che cochlea, relative to the cochlear Place | 
corresponding .to the neuron's best. 26 and 
denonstrate responses of four. other ICC neurons to tonal (best Frequency) 
. and noise stimulation. Neural response functions of three of these 
“illustrated units (Figures 24-A, B: 25-A) formed well-defined ‘peaks in 
the physiologic range of time delays, and unit 74-94-10 (Figure 25-B) 
responded maximally when the contralateral stimulus was hnaitinn by 250 usec. 
Stimuli were typically delivered over a 40-50 dB range in this = 
raphe. as illustrated by the responses of four Ice neurons to a wide 
range of stimulus intensities (Figures 26, 27). To simulate the behavioral 
situation, nearly all binaural stimuli were of equal loudness (see Wiener 
ul. 1965; Leiman and after, 1972). 
Thus ets population of neurons salle dice had well defined 


interaural time delay (or restricted range of time differences) within 


the behavioral range of the cat. Response functions’ of each. neuron 


(when normalized to the maximum discharge rate observed under each of a.’ 
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variety of stimulus conditions) were remarkably uniform within the range 


of behaviorally relevant interaural time differences. 

| The interaural sime delays at which maximum neural responses were 
observed covered the entire behavioral range of the cat. and could be 
generated 7 sources covering much of the low frequency Soune field. In 
Figure 28, response functions of six units which fired eiueasis to 
neaieire’ time delays that would result from contralateral (Figure 28-A, 


B), ipsilateral (Figure 28-D, E), and midline (Figure 28-C, F) free sound 


~~ field sources are illustrated. Many neurons in this studied population" oor 


only responded over a restricted portion of the behaviorally relevant 
range of interaural time differences (e.g. Figure 28-A, B, F). 
If it is assumed that the distance between the tympanic membranes of © 


a hypothetical aduittediy large) cat is 8.75 then a sound 


directly off of one ear (4. e. 90° off of the medial sagittal plane) would 


take approximately 250 usec to reach the opposite eardrum. The free 
sound field of this hypothetical cat :¢ can be divided into 22.5° sectors 
inn the azimuth, Be interaural time differences that would be generated 
by sound stimuli at each of Chbne positions calculated. In this way, the 
distribution of characteristic delays derived from the studied population 
of ICC neurons can be comapared with interaural tien duties that are 
"physiologic" for this "cat"'.* 

Figure 29 plots the distribution of ICC neurons with characteristic 


delays as a function of RY time differences (Figure 29-A) and of 


92.3" sectors of this hypothetical free sound field (Figure 29-B). 


Fe These results should not be generalized to other real cats. Obviously, 


a sound source at one location in the free sound field will generate 
different interaural time delays for different cats, i a on the 


7 
‘ie included tn each bin fired maximally within the range of interaural 
time differences sound sources in that sector of the sound field could 
generate. If a neuron's response function had a broadly defined maximun, 
‘the midpoint of the curve was estimated and the neuron was placed in the 
appropriate bin. 


? The Large majority (120/158) of ICC 1 neurons with characteristic 


: delays fire maximally when a’sound source is located in the contralateral 


sound field (i.e. when the contralateral input is leading). Over 402 


3 ~ (67/158) of studied 16C neurons responded best to “interaural time delays SS 


equal to or greater than a contralateral time. lead of 225 usec. Many 
neurons in this category ‘had characteristic delays outside of the physiologic 
range of most cats, but all responded vigorously at the extreme edge of 


the behavioral range. Other ICC neurons that preferred contralateral time. 


leads wan evenly distributed across that half of the represented sound 
field. Only-a lain number of these ICC neurons responded best to eg 
ipsilateral time leads, and most fired maximally to ipsilateral time leads 
that" could be generated “A sound sources located. near., che midline (i.e. 
up to 22. 5°. off of the midline. . this half of the sound field). 

| - ‘Interaural time-sensitive neurons were found within ICC that 
represented the most apical 9 mm of the cochlea thes with beat. frequencies 
below about 2600 Hz), and their distribtuion is plotted as a function of | 
"preferred interaural time difference in Figure 30. The preferred 

sé interaural ‘time differences of neurons  siaeiiictie any given sector along 

that + omen of the basiler partition covered at least most of the 
physiologic range of delays that eaevanpond to sound sources located in | 


the central ‘and Gene EAateres portions of the sound field. For example, 


the large majority of neurons best by erequencies the 
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6-7 mm sector (from the apex) of the kasilar membrane discharged maximally 


with the contralateral stimulus leading. | 


In this series of ——— neurons isolated in close proximity 


to one another in dorsal to ventral lect penetrations often fired 


maximally to similar interaural time —— within the physiological range. 


Although exceptions were seen, saltatory Sune fron contralateral to 


ipsilateral time delays (and vice mite were not common. Thus, neurons 


7 located in nearby positions within ICC would be ‘driven at maximal or near- 


maximal rates by ‘sound sources located ta similar in the sound 


field. Figure 31 illustrates data obtained from cour representative 
made in 2 experiments in this series. isolated neuron's 
represented cochlear piace te plotted versus the interaural time delays. 


at which maximum neural discharges. occurred. In penetration of 


| experiment 74-90, the characteristic delays of seven of the eight neurons . 


studied annbotu or were close to the naximum physiologic time difference. 


In penetration 2, characteristic delays of the first three neurons also 


approached or exceeded the physiological cities. tuk the most ventral two | 


units discharged best to 150 and 125 usec contralateral time leads. The 


characteristic delays of nine neurons isolated in penetration 1 of 75-18 
appeared to shift in an orderly sequence from maximum contralateral time 
leads to ipsilateral time leads. In penetration. 2, the first two neurons 
responded best to contralateral sims leads, and the next four characteristic 


delay neurons fired maximally when no interaural time differences were 


introduced. 


In summary, the response properties of a large population of time- 
sensitive ICC neurons have been documented and related to the cochleofopic 


organization of that structure. These results have demonstrated that: 


| 
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1) there is a region(s) in the dorsal aspect (i.e. low frequency) of ICC 


where no time-sensitive neurons are present; 2) in the region(s) where 
time-sensitive neurons predominate, pinaitin neurons respond 
vigorously and maximally to particular interaural time delays within the 
behavioral range; 3) the great majority of these neurons cempond best to 
time that could represent the’ contralateral and middle sectors 


of the free sound field; and 4) as a general rule, characteristic delay 


neurons in close proximity to one another prefer (i.e. discharge maximally) 
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stem nuclei defined in these anatomical studies. Thus, the two sets of 


Discussion 


These described results have included data obtained from a large 


“number of neuroanatomical and neurophysiological experiments conducted 


in the central nucleus of the interior colliculus” of the cat. The 


anatomical Studies defined the érisiee and some of the spatial teatures: 
of the isbsining of the brain stem afferents to ICC. The physiological 


studies have led to some understanding of how ICC neurons with different 


_ response properties are distributed within the nucleus. These different... ———— 


neural populations must ultimately receive their inputs from the brain 


data can be directly related. Some of the implications regarding ie ie 


processing of auditory information inherent in this interrelationship 


shall be discussed. 


A. Cochlear Nucleus Projections to the ICC;:Distributions of Monaural 


Neurons in the ICC 
These anatomical studies have demonstrated that neurons within all 


three subdivisions of the contralateral CN provide a large number of 


2 afferents to the ICC, and that the topography of those projections is 


to the laminar (cochleot opic) organization of ICC. 
Furthermore, seven of the nine morphological ly: distinct "classes" ol CN 
cells (Osen, 1969a,b) appear to project to the ICC. . The overwhelming 
majority of CN neurons ; irrespective of their morphological classification, 
During physiological studies in ICC, 179 monaural 


' 
neurons were Studied. 178 of those neurons responded only to ee 


stimulation. | In addition, microelectrode penetrations 
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through ICC typically isolated groups or clusters of monaural neurons 


_ with similar discharge patterns. These clusters of monaural neurons 

tended to be localized in the central, posterior aspect of TCC, or in 
the far medial ‘aspect “ the nucleus. 
Restricted HRP injections into the posterior aspect of ICC (e.g. 
illustrated case 76-10) resulted in labelling that was primarily 


concentrated in the contralateral CN. Jones (1976, 1977) has found 


| similar HRP-labelling patterns in the brain stem after injection into 
100 of ‘the shrew, ‘Following injections of high concentration of 
u3-proline in the guinea pig, Silverman et al. (1977) found autoradiographic 
grains concentrated in a vertical streak in the central aspect of the | 
contralateral ICC. Thus, sa neurophysiological and neuronanatomical 

esauits are strongly correlated. They indicate that tionaural Synaptic 

inputs largely predominate and at Least restricted to 
sib regions of the ICC, and that the contralateral CN —e major 

source input to those regions. 

The HRP studies reported here indicate that the contralateral CN 
are situated in close proximity to and probably | 
converge on a region(s) within ICC. However, at least a portion of the 
DCN projection remains segregated from other contralateral =. 

nom overlap probably occurs. 

‘In her anterograde degeneration studies in the cat, Osen (1972) 
noted shat lesions costricted to VCN never resulted in degeneration in 
the rostroventral process (RVP) of the contralateral ICC. However, 
lesions restricted to DCN caused preterminal degeneration: in the same 


areas as the VCN lesions and in the RVP. Osen suggested that the VCN 


v 


and DCN projections to the contralateral ICC overlapped, except for the 


‘ 


DCN input to the RVP. The anatonical results presented here appear to 
be compatible with Osen's, but since no HRP injections were made into 
RVP, they cannot provide additional insight regarding these differential 


CN projections to ICC. However, these physiological results have 


provided some preliminary evidence regarding the response ero nerctin of 
neurons situated within the RVP of ICC. Microelectrode penetrations in 


this region of ICC isolated spontaneously. active neurons that were 


inhibited by st either ear. Similar electrophysiological 
results have been obtained in the RVP of the squirrel monkey (FitzPatrick, Cie LR 
1975). The anatomical ios ehbestiiedt distinctions between the 
RVP and ae. aes of the ICC suggest that it constitutes a functional ~ 
subdivision of the nucleus. 
The HRP studies reported here and a Adams (1976) have Getines the 
CN cell types that project to the ICC, and have clarified some questions 
raised 'by Osen's (1972) earlier study. Following destruction of the Icc, 
ian scuaeune no chromatolysis in the large and small spherical cells of 
the ete See AVCN. She suggested that these neurons might send 
collaterals to SOC and Icc, ws therefore little if any dicimmatoeie 
would take place following Ic lesions. Our results have demonstrated 
that small neurons the large and small spherical cell 
fields project to ICC, but the spherical cells do not. 
a small number of HRP-labelled neurons were 
localized to vk dan iiaceces CN in a number of the experiments reported 
above, physiological recordings from over tive-bundred and forty ICC 
neurons isolated i only one monaural unit that was driven watnind by the | 


toatiatera? ear. These results Suggest that neurons in the CN complex 


supply the sole synaptic inputs to very few individual eserces t the 
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ipsilateral ICC (which would be reflected by the presence of monaural 


cells driven by the ipsilateral ear). Inputs from these ipsilateral CN 
neurons may be principally involved in relatively minor (because of their 


low numbers), modulatory interactions within ICC. 


NLL Projections to the ICC; Response Properties of ICC and 


Neurons | 


These have shown that the NLL a aajor 
share of the input. to ICC, With one illustrated exception GS-4), Wi... 
alone contributed a significant proportion (averaging 30%) of projecting. 
neurons to Ice injection loci. Following these injections, the DNLL was 
= distinguished from the ventral nucleus a” virtue of its bilateral 
projections and its highly distinctive cytoarchitecture. The HRP labelling ; 
patterns could not be as easily related to the represented cochlear. place 
of the ICC inten site as in other major projecting nuclei. ‘However, 
low best frequency ICC injections typically labelled neurons in the | 
dorsal aspect of the DNLL, and Sakinuiua Glabes best frequency ICC 
neurons in the ventral aspect of DNLL ; these 
results are in agreement with the defined tonotopic organization of that 
structure (Aitkin et al., 1970). | 
“Degeneration studies have indicated that DNLL is an important target 
for ascending axons from the SOC (Stotler, 1953; van eee 1969; 
Browner and NOPatS? (1975), which is ‘primarily a binaural nuclear complex 
(Guinan et ai. 1972b; Boudreau and Tsuchitani, 1968). DNLL receives 


only a small projection from the CN complex (Warr, 1966, 1969, 1972; 


Fernandez and Karapas, 1967; van Noort, 1969; Strominger and Strominger, 


1971), which is primarily monaural. Microelectrode studies 
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have demonstrated that the great majority of neurons in the DNLL are 
binaural (Aitkin et al., 1970; Brugge et al. , 1970) ; cis the phystelagicns 
results are consistent with the anatomical data. The results presented. 
clearly demonstrate that DNLL provides najor 3 inpute tock ICC's. 
The large majority of these synaptic inputs to ICC neurons must be 

transmitting binaural information to the ICC neurons on which they synapse. 
‘In the smallest volume HRP aac cases, no neurons were labelled 
| in either DNLL. In three ‘rrasevaces experimental cases 7158, 76-28, 
another illustrated case (75-6) , HRP-neurons were only found on the 
These anatomical results that the two DNLL 
do not project throughout the extive ICC, and suggest that at least some 
of the each DNLL one another 
within ICC, although overlap between the two DNLL projections might occur. 
Aitkin et al. (1970) reported that nearly 90% of DNLL neurons dein | 
binaural, and responded with cians discharge. patterns to best 
frequency tones. Low best frequency DNLL Ee were commonly sensitive — 
to interaural time differences. Neurons with higher best frequencies 
were typically sensitive to interaural intensity differences; these 
neurons were driven by the contralateral ear and inhibited by the 
ipsilateral ear. ‘Two similar, of neurons (i.e. 
sustained-firing, low best .frequency neurons sensitive to interaural 
. time differences, ea sust ained-firing high best ‘frequency neurons 
sensitive to interaural cameeaion differences a were driven by. the 


contralateral ear and inhibited by the ipsilateral BA were observed 


within ICC in the present study (Figure 16-H, E).. However, these HRP 


Tha cela into ICC were. not small or restricted enough to enable any 
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_ correllations to be made between the DNLL projections to ICC and the 


recording sites within ICC at which groups of neurons with these specific 


response properties were found. 


During the entire experimental series surveying the distributions 


of neurons of different — "classes" in ICC, virtually no neurons 


sensitive to interaural time or intensity differences were observed ween 


response corresponding to those of sont ralateral DNLL neurons. 


In contrast, neurons with response properties mimicking {petlateral DNLL 


_neurons were common (Figure 16-H, I). These neurophysiological results. 


suggest, then, that the inputs from contralateral DNLL neurons responding 
to interaural time or intensity differences are combined with inputs 


from other brain stem sources on ICC neurons; thus the contralateral 


_ "DNLL-1like" response are apparent ly masked in this neural processing. 


It is also conceivable that this DNLL neurons 
Seis an project to the ICC (but some other subpopulation does) ; 

however, HRP-labelling patterns make this possibility unitkely. Note | 
that in one illustrated HRP-injection case (75-6), the contralateral 


DNLL (and not the ipsilateral DNLL) was abelled by. HRP. This suggests 


that the contralateral DNLL projection night overlap some of the 


projections from the other brain stem nuclei that were labelled following 


In contrast to DNLL, the’ VNLL is less homogenous in structure,. 


- connections, and elect rophysiology. In these anatomical two 
different labelling parkenne were observed within VNLL following HRP 
injections into ICC. In the vertically oriented 


of HRP-labelled neurons were horizontally distributed across the 


lateral lemniscus. More ventrally, HRP-neurons were always clustered 
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within a well-defined ovoidal group of neurons. 

Warr (1966, 1972) has scsanennes bands of degeneration with a similar 
orientation and distribution following VCN lesions. In addition, fibers 
that terminate within the lateral streak of VNLL leave the main fiber 
tracks of the lateral lemniscus at right angles (Warr, 1969, 1972; 
Fernandez and Karapas, 1967; van Noort, 1969); thus the orientation of 
these ascending inputs to the 1éteral streak of VNLL nies to vareilel 
the orientation of the HRP-labelled neurons described in these studies. 

complex) supplies afferent fibers of the lateral streak of VNLL, but 
not the ventral cluster of neurons. This ventral group of neurons 
receives most of its ions the and the 
ipsilateral (Hare, 1966, 1969: van 1969; and 
Strominger, 1971 Aitkin and colleagues have 
demonstrated that most neurons in the lateral are binaural,’ and 
that most neurons in the ventral cluster are monaural. These physiological 


data are leea consistent aint the anatomical evidence. In view of the 


in structure, connections, and electrophysiology, it appears 


that these divisions of "VNLL" should regarded as distinct puditoty . 


brain stem nuclei. van Noort (1969) and Guinan et rn (1972). have . 


also that VNLL might consist of two or 


subnuclei. When these earlier anatomical and physiological data are . 


\ 


assessed in velecten to the projections defined in this study,” it would 


appear that the ventral cluster of the VNLL primarily delivers monaural 


_auditory information to ICC, while neurons in the more dorsal, lateral 


streak of VNLL primarily deliver binaural information. 


The monaural neurons in VNLL are driven by the contralateral ear 


¥ 
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(Aitkin et re 1970; Guinan et al.; 1972b), as are monaural neurons in 
the ICC. In a number of the HRP cases reported, HRP-labelled nance 

were localized in both the three divisions of the contralateral CN and 
tie ipsilateral VNLL. However, in one other experiment a large number 
of labelled neurons were found in VNLL, while only 4 very snail number 
were localised to the contralateral DCN. Although fur trom conclusive, 
these results suggest that projections from VNLL are at least partially 


segregated from projections from the contralateral CN with ICC, but that 


__they are in close proximity to one another and-possibly overlap. Thus = 


it is conceivable that monaural regions in ICC might derive their brain 
stem inputs from four major sources (i.e. the contralateral AVCN, PVCN, 
DCN, and the ipsilateral VNLL). As indicated above, this would be 


compatible with the neurophysiological data obtained in the ICC. 


C. SOC Projections to the ICC; Response Properties of ICC and SOC 


Neurons | 


| The a ecakca’ data presented above have demonstrated that the 
ipsilateral MSO and LSO and contralateral LSO send major projections to 
ICC. Lso is « binaural wucteus: virtually all of its neurons are driven 
by the ipsilateral inhibited by the ear (and 

interaural intensity differences) , discharge in 
sustained firing patterns to tonal and Boudreau, 

1967; and 1968). Neurons in the MSO are also: 
' predominant ly binaural, are driven by monaural stimulation of either ear, 
respond in sustained firing patterns to tonal 


et al., 1972a,b; Goldberg and Brown, 1969). The discharge rates of 


_many of these neurons is a sensitive function of interaural time 
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differences (Hall, 1965; Goldberg and Srovis . 1969). 
In the study reported here, a — population of ICC neurons with: 
response characteristics similar to ipsilateral MSO int contralateral 


LSO neurons were isolated within ICC in close ssoutuity to one another 


(e.g. penetrations 1 and 2 of 76-41, Figure 17). Necroanatonical 

evidence demonstrates that the SOC does not project to’ the entire ICC 
and that at least some portion of the sieiettions of each MSO and LSO 

remain segregated within ICC (e. g- see Figure 13-B, C, F), although | 


between any or. occur. Furthermore, there does appear 


to be an area within ICC that receives input solely from the ipsilateral | 

| | 
As indicated above, many ICC neurons have response properties 

similar to ipsilateral MSO and LSO neurons. 
wituatis ao X08 neurons respond ‘as if they were driven solely by ia 

The fact that few if ICC neurons ‘have "ipsilateral LSO-like" 

that this ipsilateral LSO input 
plays modulatory in the processing of auditory information 


within ICC. 


These neurophysiological results Be also demonstrated that the 
overwhelming majority of ICC neurons sensitive to.interaural time 
differences had ‘requencies 2 kHz, while most interaural 
priastntar ba difference neurons had best frequencies greater. than 2 kHz. | 
= ‘“Microelectrode_ studies in the SOC have shown that there is a disproportion- . ae 


ately large representation of the higher frequencies in the LSO ‘Roudzgan 


and Teuchitant, 1968, 1970: et al., 1972b) and a greater 
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representation of the lower frequencies in the MSO (Guinan et al. 1972b; 


Goldberg and Brown, 1968). Anatomical evidence (Osen, 1969) has also 


indicated that the MSO might primarily represent more apical (low best 


_ frequency) sectors of the cochlea. 


— neurophysiological data presented above have demonstrated that 


there appear to be two distinct populations, or "classes", of ICC. neurons 


that different sectors of the cochlea. Time- 


sensitive ICC neurons predowiadit ly. represent the most apical 8 mm of. the 


cochlea, while interaural intensity-sensitive neurons tend to have best. = = 


frequencies represent ing more basal cochlear positions (Figure 14-B, C). 


this uneven distribution within ICC almost certainly reflects the 


represent ation of high and low frequencies within 


Finally, it sicuike be noted that in a ee ICC injection case 


(76-26) , HRP-labelled neurons were located bilaterally near the “ventral 


aspect of the medial division of the facial’ motor nucleus. This group 


of neurons nue to. be located within the nucleus. reticularis 


paragiganticocellularis lateralis of oo (1961). dere (1972) has 


described a projection to this nucleus from the contralateral VCN, ond ©.’ 


van Boort (1969) has reported a from the 


AVCN to an area just wader to the VIIth nucleus which may correspond. to 


this Motorneurons innervating the of the middle ear 
and pinnae are located in the ebdiel division of the VIIth nucleus; 


. motorneurons in the most medial aspect of the medial division innervate 


the stapedius muscle, and form a part of the cialandaes system controlling 


the middle ear reflex (Borg, 1973b). | Although preliminary, the. evidence 


presented here suggests that some ICC neurons ay also be involved ‘i 
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field is spatially restricted within ICC. In addition, these data 


_ventro-lateral direction when viewed in the frontal plane, and this 


4 


the control of middle ear reflexes or of pinna movement. 


D. # The Encoding of Low Frequency Sound Location (Interaural Time 


Differences) in the MSO and ICC 


Results from experiments in.which a specific population of low best 


frequency time-sensitive ICC neurons were examined have provided evidence 


indicating that the neural representation of the low frequency sound. 


"demonstrated that the large majority of those neurons discharge maximally = 


when the contralateral stimulus is leading, suggest ing that this neural 


population encodes the location of sound sources in the contralateral 
free sound field. 
‘A variety of physiological (e.g. Goldberg and Brown, 1969; 


Moushegian et al. , 19735), comparative and anatomical (e.g. Stotler, 1953; 


Harrison, 1974; Masterton, 1974; Masterton et al., 1975), and ablation- 


behavioral studies (e.g. Masterton et al., 1967; Moore et at. 1974; 
Casseday and Neff, 1975) have indicated that the ‘MSO is directly involved 
in sound localization and that the first order encoding of interaural 


time differences takes place at this nucleus. Models of the binaural 


- interactions requisite for sound localization have also focused on the 


MSO (e.g. Jeffress, 1948; van Bergeijk, 1962). 


Like other nuclei in the auditory system, the MSO is tonotopically 


organized. In the cat, low frequency units aré localized in the dorsal- 
_ medial extreme of the MSO, and there is an orderly progression of best 


frequencies out to the ventro-lateral tip (Guinan etal; ;—-1972b)< ~-Thus— 


the frequency organization of the MSO is oriented in a dorso-medial to 
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organization is over the approximately 3.5 mm ‘rostral-caudal 


extent of the auéleus: A of sound localization (e.g. Jeffress, 


1948) implies that different interaural time delays (i.e. sound sources 


in different locations in auditory space) would be represented by 


different foci of neural activity within the MSO.. Therefore, the 


encoding of interaural ‘time delays might somehow be superimposed upon or 


overlay the basic tonotopic organization of the nucleus. For example, 


. different interaural time delays might be encoded by the "coincidence" 
of impinging inputs. (derived from each upon MSO. neurons, and thus 
different interaural time delays (ise. their neural representation) might 3 


be systematically —— along the rostrocaudal dimension of the MSO. 


Such an 1 organization would, in =“ create a spatial senreceitation 


of the low frequency Sound field within the MSO and has been proposed by 


a number of oistianae: teoat recently for nucleus laminaris in the chicken, 
the avian homolog of the MSO; see Parks and Rubel, 1975). 
ned evidence presented above indicates that the ipsilateral 


906 to area(s) of ICC, and that within this region, 


MSO and LSO Projections are at least partially segregated from one another. 


Neurophysiological data have shown that low best frequency interaural 


time-sensitive neurons (i.e. neurons with response properties similar 


to MSO are clustered within and that characteristic 


delays of ICC neurons am shone proximity to one another appear to be 
an (but somewhat imprecise) pattern. 
from a large population of ICC neurons whose: firing 


rates were strong functions of interaural time delays : in the physiological 


Tange demonstrated that about 80% these neurons 


to contralateral time leads; derived in 


the ICC of the alert cat- are consistent with these findings (Bock and 


- 

= 
» 


| Webster, 1974b). The characteristic delays of these studied neurons 


included all interaural time differences that could be generated by sound g 


sources located over the entire contralateral auditory field. The 
presence of additional units preferring contralateral delays (ipsilateral 


leads) indicates that a portion of the ipsilateral sound field (near the 


midline) might also be represented within the ICC. Ablation of the 
brachium of the IC disrupts localization in tes Catraserss coed field 
eocvensenie and Osterreich, 1970), and thus behavioral evidence is 
with these neurophysiological results. 

The distribution and response functions of nie | sensitive ICC 
neurons reported in these studies indicates that a oo frequency sound source 


a a given location would selectively excite a population of neurons in | 


the ICC; a sound source in another location would be represented a 
activity in ‘iinns ont ad Icc neurons that might or might not overlap 
the. original on the degree of separation of 
sound sources. As previously cabbraitead by Stillman (1971a) a 
‘Moushegian et al. (1971), and as demonstrated above (e.g. 28), 

‘the slopes of the response. functions of characteristic-delay neurons are 

often steeply rising with contralateral time leads and the peaks are 
often broad. Tt ‘ts unlikely that chene | neurons could be responsible for 
the representation of.one very. region the free sound 
field, and thus a strict place theory(i.e. one neuron encoding one 
location) obvious ly cannot hold in-the' ICC. | 


Stillman (1971a, b) aa Noushegian et al. (1971) have nenieaeial that 


the characteristic delay, per se, of an. ‘tec. neurons does not encode ime 


location of low ‘frequency sound | source by "place" but that pe | 


discharge rate or discharge pattern of ICC neurons with characteristic 
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delays might be involved in that coding process. More recent evidence 
in the ICC of the alert cat (Bock and Webster, 1974) indicates that ICC © 
neurons fire maximally to sound sources in a "preferred location" of the 


sound field (i.e. to "preferred" interaural time or intensity differences), 


‘and supports the concept of a "place" code for sound localization. Our 
data, both neuroanatomical and neurophysiological, indicates that both 


That is, the discharge rate of 


suppositions are probably correct ‘in part. 
a population of eetisenis with characteristic delays and the locations of © 
_ those neurons within ICC probably math. account for the encoding. of sound _ 
location. In addition, data reported here Gemonstrate that delay- 
sensitive neurons are to a certain within. Icc. 

| It should be noted that most low best frequency DNLL neurons are 
sensitive to interaural time differences (Brugge et al:, 1970), and 
thus these DNLL neurons are processing information derived from both ears. 

AS demonstrated above, the DNLL provides a large auaber of ottcuun 

inputs to ICC. Rose at al. (1966) have provided physiological evidence 

Ri that the activity of phase-locked time-sensitive rcc neurons 
probably represents binaural interactions that take ae. at the level 

of the cc neuron itself, and that the activity of ICC neurons chat: are 
sensitive to time differences but are not phase-Locked to 
the pap nea tones probably reflect binaural processing that occurs 

at a lower level (Rose et al., 1966), presumably at = or DNLL. 

The techniques utilized in Chase physiological cannot 

distinguish between these populations of neurons. However, 

neuroanatomical evidence does indicate that at least a portion of the 


projections from the ipsilateral DNLL and MSO remain segregated within | 


Icc. 
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The physiological observation that the precise temporal processing 
of information derived from each ear can tm place at the level. of the 
ICC neuron is tntaceatine in view of our Gaecenicax finding that 
spherical cells in the AVCN do not project to ICC. Spherical cells are 
strickingly phase-locked to the stimulus 1001). and 
presumably these. time-sensitive, phase~locked ‘ICC neurons derive their 
well synchronized inputs from other monaural sources inthe CN 
(possibly the globular cells). | 


E. Role of the ICC in the Processing of Auditory Information 

These results neni provided neurosnatomical end neurophysiological 

evidence for the segregation of some brain stem inpute, to the central 

nucleus of the IC. The brates stem nuclei that provide these afferent 

inputs to ICC neurons pee display unique: response properties, and 

presumably encode different aspects of auditory sensation. 

aspect of auditory sensation (i.e. ‘low frequency sound 

localization) appears to be encoded restricted of ICC. 
% Monaural ICC neurons also appear to be predominant in a ——— 


region(s) of ICC. Thus, some aspects of auditory sensation appear to be 


encoded or represented separately within the nucleus. 
The response characteristics of clinans neurons can often be 
related to the auditory sensation(s) they might encode.’ For example, 
neurons excited by one ear and inhibited by: the other ear must be 


primarily involved in the cnding of interaural intensity differences and 


not interaural levels (e. Boudreau: and , 1908; 


i 


Brown, 1968, 1969) ; the "class" 


| difference neurons ‘cited above corresponds to-this population. In 
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contrast, neurons that are driven by each ear and show a facilitation or 
summation of the monaural response can encode a wide range of binaural 
intensity levels, but not intensity differences (e.g. Goldberg and Brown, 


1968, 1969); the Sines majority of neurons in the described "intensity 


sensitive class" respond | in this manner. Finally, low best frequency 
time-sensitive neurons are } probably involved in low frequency sound 


localization (e.g. Rose et al., 1966); most neurons in the described 


time-sensitive class" correspond to this population. 
_The- physiological data presented above has demonstrated that. ‘ReuFons- 
of each of these ' ‘classes" are clustered within ICC, and has thus aveutied 
direct physiological evidence that different aspects of auditory > 
- sensation might be represented separately within sit A body of 
psychophysical data also suggest that at aspects of auditory 


sensation must be encoded separately within the auditory nervous system. 


For example, two aaa systems must be involved in the time-intensity 

testing ratios often studied in lateralization and localization experiments 

(Whitworth . and Jeffress, 1961; Hafter and Jeffress, 1968; Hafter and 

Carrier, 1972). - These psychophysical studies may or may not be directly 
related to the data presented above, but hey do support the concept of 

the separate inehanniiihes of at least some aspects of sensation within 

the miditory system. 7 | 

Anatomical evidence by. others indicates that the ICC is not a 


homogeneous For example, unlaminated dorsal-medial 


€ 


division is mostly populated by multipolar cells (e.g. Jones, 
1973a; FitzPatrick, 1975; Ryugo and Killackey, 1977),. and receives most. 


of its afferents from the auditory cortex (e.g. Rasmussen, 1964; Rockel 


-and Jones, 1973a,c). A ventro-lateral collection of large neurons 
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(Rockel and Jones, 1973a; see Figures 2 and 3) can be distinguished from 
the rest of ICC on cytoarchitectural grounds, and the distinct brain 
stem inputs to the rostroventral process (Osen, 1972) can serve to 


distinguish that region from the rest of ICC. These anatomical differences 


suggest that different parts or regions of ICC might subserve different 


auditory functions. 


On the basis. ‘of his Golgi studies in young cats, Morest (19663 personal. 


has distinguished three subdivisions (pars lateralis, 


medialis, and centralis) in his conceptualization of the central nucleus, = = 


each with a distinctive neuropil. Jones (1977) has subdivided the central 


nucleus of the tree shrew on the basis of cytoarchitectural evidence, 


and recent studies on the endogenous peroxidatic activity of ICC neurons 


(Wong-Riley and Merzenich, unpublished observations) also suggests that 
he ICC might consist of a number of subdivision. | 

‘One of. the criteria Morest (1966) used to subdivide the central. 
nucleus was the diameter of the lemniscal 1 afferents that innervate each 
"subdivision". For example, his pars lateralis receives 3-4 v fibers 
from the lateral lemmiscus and pare medialis receives A-2 ‘ fibers from 


the medial lateral lemiscus. (It is interesting to note that distinct 


fiber bundles: the body projections 


| different GN cell groups can also be classified by this diameter of axons 


and by the characteristic responses of the fibers: in each bundle 

In these described results, arcupe of neurons with different response 
properties and discharge peers were isolated in horizontal 


microelectrode penetration crossing the lateral-to-medial dimension of 


ICC (e.g. Figure eng These microelect rode penetrations, traversed the 
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the three ICC subdivisions distinguished by Morest 
conceivably ‘the changes in response properties and discharge patterns 
observed might be related to the location of these isolated neutons 
within these ibdivtatons. In addition, Morest (194a) has reported that 


lesions of the lateral lemniscus result in alternating streaks of course 


and fine fiber degeneration within the central nucleus (in the three 
subdivisions he described) and has suggested that these streaks might 


and lemniscal projections to the central 


nucleus.” ~The anatomical ‘and data reported here might 
be related to this earlier finding. | 
Thus it appears that the large laminated division of the ICC of 


the cat cannot be regarded as a uniform, homogenous structure on 


anatomical or physiological grounds. Evidence presented here and. in i 


these other cited studies indicates that the ICC must be considered as. 


consisting of a number of subdivisions. These, subdivisions must be 


integrated within the laminar, cochleotopic organization of the ICC, and 
thus constitute another basic feature ot the anatomical and physitleuten 
organization of the nucleus. | 
Finally, he described and neurophysiological 
evidence siaunas that eaditery information is processed in at least ‘two 
ways within the ICC. segregation of brain stem 
rs of response properties within ‘ICC (each presumab ly carrying different 


aspects of auditory sensation) indicates that. aspects of 


perception’ mus t be processed in parallel in ICC. This parellel 


processing of may be related ‘to the Proposed subdivisions 


the central nucleus (Morest, 1966) and is probably directly related to 


ty 


the segregation of brain stem afferents described here. Thus, this study 
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has provided important evidence regarding the spatial organization of 
higher “centers. 


Other neuroanatomical and neurophysiological data reported here 


“indicate that some integration of the auditory information carried by 


certain brain stem afferents must t take place within ICC. This is 


particularly evident in regard to the afferent inputs supplied co: ICC: by 
the ipsilateral LSO and contralateral DNLL. since LSO and DNLL neurons. 
project te both ICC's and virtually no ICC neurons respond with — 
the auditory information supplied by the ipsilateral LSO Sok tenteniateiat 
DNLL be involved in some integrative process. ICC 
neurons can receive both excitatory and inhibitory inputs that are 
‘derived from each ear (e. Ze Nelson and Erulkar, 1963; Hind et “i. 1963); 
the studies reported mere indicate that the ipsilateral LSO. and 
contralateral DNLL (and possibly the ipsilateral CN) provide some of ni 
_ inputs that must be integrated at the level of ih ICC. 
| In summary , these studies have provided some neuroanatomical and 
quantitative neurophysiological data the definition of the 
functional organization of the ICC. eccles from these experimetns have 
demonstrated: 1) the of the auditory brain stem afferents to ICC 
| ree topography of these projections in relation to oe cochleotopic 
organization of 1cC: 2) the segregation of at least some of seats brain 
ston projections to ICC; 3) the segregation of ‘at least some of? those 
brain stem projections to ICC: 3) the segregation of response properties 
= 06 neurons; 4) that the response properties of ICC neurons in close 


proximity to one another are often similar to the 
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19 


response properties of neurons within one of the brain stem nuclei that 
project to ICC; 5) that a — pedals aati of ICC neurons sensitive to 
interaural time differences in the behavioral range appears to constitute 
a neural representation of the contralateral (and perhaps part of the 


ipsilateral) sound field; 6) that the ICC appears to encode some aspects | 


of auditory sensation (e.g. sound localization) separately within ICC; 
7) that: the ICC processes some auditory information in parallel and 
other information by integration; and 8) that the laminated division of 


functionally distinct subdivisions. 
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Figure 1. Schematic representation of the three major divisions of the 


‘inferior colliculus as viewed in the frontal (A), sagittal 
rostral in the frontal plane, B-1 is the more medial in the 
Posterior Superior Colliculus; LL - Lateral Lemniscus; 
-Brachium Conjunctivum. Abbreviations used in the text and 


e lines indicate the approximate orientation of the laminae 


UMI 


(B), and horizontal (C) planes. Section A-l is the most 


sagittal plane. Abbreviations shown here: CN - Central - 
Nucleus; EN - External Nucleus; Pc - Pericentral Nucleus 


(solid diagonal lines) ; SC - Superior Colliculus; PSC - 


NLL - Dorsal Nucleus of the Lateral Lemniscus; CfN - 


Cuneiform Nucleus; CG - Central Grey Matter; and BC - 


in the following illustrations: ICC - Central Nucleus; ICP - 


Pericentral Nucleus; and ICX - External Nucleus. The dotted 


within the ventro-lateral division of the central nucleus. 


6 


The approximate border of the unlaminated, dorsal-medial Sue 


~ 


division of the central nucleus is indicated by crosses. 


Reproduced from Rockel and Jones (1973b). 
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Figure 2. See legend below illustration. M is medial; L is lateral. 


Reproduced from Rockel and Jones (1973a). 
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lucida drawing of a Golgi impregnated coronal section of 


colliculus. Most of the cells present have been drawn. Note the lamin 


central parts of the central nucleus and the concentrations of large 


Fig. 1 Camera 
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Figure 3. See legend below illustration. A is anterior; P is posterior. 


Reproduced from Rockel and Jones (1973a). 
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Fig. 3 Camera lucida drawing of a sagittal section. Note the lamination of the central — 


nucleus and the region of large cells at its anterior and ventral aspect. 


| 


See legend below illustrations. A is anterior;_P is posterior. 


Reproduced from Rockel and Jones (1973a). 
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Age 
P 
Fig. 2A Camera lucida drawing of a horizontal section. Note the laminated form of the 
central nucleus and the small region of large cells at its anteromedial aspect. | 
SS SAN | 
500», 
Fig. 2B Camera lucida drawing of the same section as figure 2A but in which some of : 
the longer axons readily visible at this low magnification have been drawn. Note the manner | 
in which the axons follow the same laminar pattern as seen in figure 2A. 
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Figure 5. HRP-labelled neurons in the ipsilateral (A,C) and contralateral 
(B,D) Dorsal Nuclei of the Lateral Lemnisci. Neuron in C was 
localized to a 30 section adjacent to the 90 section 
| shown in A. Note that the orientation of the neuron's soma 


is perpendicular to the HRP-labelled lateral lemniscal axons 


coursing through the ipsilateral DNLL. Neurons in D were 
taken from the 90 u section shown in B (arrowhead). 


Calibration bars are 500 » for A and B, 50 y for A and B, 


50 u for C and D. Case 76-26. 
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Figure 6. 
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HeP-labelled neurons in the ipsilateral Ventral Nucleus of 


the Lateral iotecun ‘Note the "bands" of labelled neurons 


(small arrowheads in A) that cross the lateral to medial 


dimensions of the lateral "streak" of VNLL. C and D are 


“neurons located _the/ most dorsal (C) and ventral (D) bands» 


(large arrowheads in A). Neurons labelled in the more ere 


division of VNLL were clustered in its more medial aspects 


Note diffuse, endogenous that serves to 


delimit of the nucleus this section. 


| Neurons .in E were taken. from the 90.u section shown in B. 


Calibration bars are 500 u for A and B, 50 u for C, D, and E. 


Case 76-26. 
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and 50 u for F. Case 76-26. 
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Figure 7. HRP-labelled neurons in the ipsilaterak Superior Olivary 


‘Complex (A, C, E, F) and contralateral Lateral Superior 


Olive (B, D). Note how the HRP-labelled neurons are 
clustered within different aspects of each nuclues. C and 


E are taken from the ipsilateral LSO and MSO respectively 


_ (arrowheads in A). Neuron in D was localized to the 


| contralateral LSO in a section 150 iu caudal to the section 


shown in B. Neuron in F was localized to the ipsilateral 


_ lateral periolivary nucleus in a section 300 U rostral to A. 


Calibration bars are 500 wu for A and B; 50 u for C, D, and E; 
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Figure 8. 
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HRP=neurons in the contralateral cochlear nuclear complex (A-F) 
and near the contralateral facial nucleus (G). HRP-granules 
were found in (A) neurons of the DCN, 

(C) in the large spherical cell field of 


AVCN, and in multipolar (D), globular (E), and octopus (F) . 


neurons of the PVCN. HRP-neurons near the medial aspect of 


the facial nucleus (G) appeared to be situated within the 


nucleus reticularis paragiganticocellularis lateralis a 


Taber (1961). Calibration bar is 50 u. Case 76-26. 
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Figure 9. 


neurons present in the interleaved 30 yu sections. 


Right hand side: outline drawings of 90 yu frontal sections 


‘through the ipsilateral (I) MSO and both ipsilateral (I) 
and contralateral (C) LSO's for cases 76-26 and 76-28. Each 


dot in this and other similar illustrations represents a single | 


HRP-labelled neuron. Best frequency at the ICC injection | 
site was 2 kHz for case 76-26, 9 kHz for case 76-28. Left 


hand side: histograms of the number of labelled neurons in 


each 90 uw section (ordinate) as a function of the location 


of the section along the rostral (R) to caudal (C) extent of 


the superior olivary nuclei, in mm (abscissa). Arrowheads: 


above each histogram correspond to the locations of each 


out line drawing to the right of that histogram. ‘Note that _ 


the number of neurons counted does not include HRP-labelled 


| 102 
Ls 


Figure 10. Rostral (1) to caudal (14) outline drawings of HRP-labelling . 


patterns in the ipsilateral MSO and LSO of case 76-4 following | 
a small injection (0.1 1) at a 15 kHz 
in Ice. ‘This and all drawings were 

7 cahien from 90 u sections. Section separation is given by the 


section number multiplied by 150 u. 
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Figure 11. Outline drawings of frontal sections through the contralateral 


cochlear nuclei of cases 76-26 (upper row) and 76-28 (lower — 
row), arranged from caudal to rostral (left to right). Section 
separation given by the number multiplied by 150 u. 
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Figure 12. Outline drawings of the contralateral cochlear nucleus of 


case 76-10, including DCN (1-6), PVCN (2-7), and AVCN (7-10). 


Numbers indicate section separation in 300 u steps. Best 


frequency at the injection locus was 12 kHz. 
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Figure 13. Histograms of the numbers of HRP-labelled neurons in each 
nucleus (abscissa) expressed as a percentage of total number 
(N) counted in each of 6 expartuente.- Note that percentages 
and total numbers were taken from neurons counted in the 90 yu 
(but ‘ot te interleaved 30 wu) sections. In wach case, the 

injection volume , and best frequency 


(in kHz) at the injection site in ICC are identified. 


See text for abbreviations. 
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plotted as a function of their represented cochlear place 
(abscissa), in 4 mm bins. Best frequencies (in kHz) that 


correspond to the represented cochlear place are listed 


in these and other figures along the same axis. 
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Figure 15. Numbers of ICC neurons in each response "class" driven by 
monaural stimulation of either the contralateral ("Contra") 


or ipsilateral ("Ipsi") ear. 
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Figure 16. Numbers of ICC neurons in each response "class" that 


discharged with "onset" or "sustained" patterns (see text) 


to best frequency tonal stimulation, plotted as a function 


of their represented cochlear place. 
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Figure 17. Lower illustrations plot the represented cochlear place of 


each isolated neuron as a function of the neuron's location 

(in mm) relative to the caudal (C) surface of the IC (abscissa). 
R is rostral. In Figures 17-20, open circles represent 


monaural neurons and closed symbols represent binaural 


neurons. Closed symbols eens the following binaural 


response "classes": circles = interaural intensity- 
difference neurons; triangles = time-sensitive 
neurons; squares = binaural intensity-sensitive — 
stars = binaural neurons that could not be categorized i< 
of these other response 
— tracings are taken from sagittal alae cut in the 
approximate plane of the electrode penetrations through the 
ICC and stained with cresylecht-violet. Caudal is to the | 
right. The dorsal macious of the lateral lemniscus (DNLL) 
is located ventral to ‘ICC. The rostral | 
ventral limits of in Nissl-stained material 
because of the large number of unstained fibers that surround 
‘the nucleus at borders, and here’ as 
solid lines. The dorsal and caudal extent of ICC is not 
well defined in this histological material = is therefore 
indicated by dashed lines; the dorsocaudal sounder 
could not be accurately defined, and is not demarcated. 


Penet rat ioris represented by solid lines” through Tce in this 


and in Following illustrations were dkiibeiesanad in he section 


drawn; penetrations represented by dashed lines were parallel 


to the section outlined. In. experiment 76-41, penetrations 
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ee and 2 were 1000 yu and 750 yu lateral to Penetration 35 
respectively. In 76-46, Penetration 2 was approximately 


1150 up medial to Penetration 1. Small dots (see e.g. 


Penetration 3 of 76-41) in these and other drawings outline 


‘microlesions made during these experiments to aid in 


reconstruction of electrode tracks. 
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Figure 18. 
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Represented cochlear place of ICC neurons isolated within 


three horizontal penetrations in experiment 76-55, plotted 
as a function of their location (in mm) from the caudal 


surface of the IC. Penetrations 1 and 3 were 1100 y 


medial and 900 u lateral to penetration 2, respectively. 
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Figure 19. Represented cochlear place of ICC neurons isolated within 


two penetrations in experiment 16-49, plotted as a function 
of their location (an diy ton the lateral surface of the 
Ic. Penetration 2 was 350 ul rostral to penetration 1. 
Abbreviations: IC Comm. = IC Commissure ; PAG - Pertaque- 


ductal Grey. 
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Figure 20. Represented cochlear place of ICC neurons isolated in 
experiment 76-33 in two dorsal-to-ventral’ microelectrode 
penetrations in the same frontal plane. CN = Cuneiform 


Nucleus: 
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Figure 21. A. Number of neural responses of ICC unit 74-48-9 to ten » 


250 msec. best Srequency tone bursts delivered at each of ° 


: a series of interaural time differences and at four different 


intensity levels (different symbols). Each pair of numbers 
below the abscissa of this and other siicskeebtcns indicates 
the stimulus intensity (in dBA) applied to each ear sete 
each. series of trails (see methods) . The best feecumecy 

for this and other illustrated neurons is given below the 
unit number, as is the represented cochlear etace (in mm 
from the apex) corresponding to that best frequency. 

B. Percentage of the maximum neural scenes defined for 
each of these four intensity levels slotted as a function of : 
: the interaural time differences. Data shown in. this and the 
Gol lowing are representative. of ‘all such 


derived in this study. 
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Figure 22. Responses of two delay-sensitive ICC neurons to tonal stimu- 


lation at their best best frequencies (filled circles) and 


to tonal stimulation below (squares in A) and above 
(squares in B) their respective best frequencies (as 


indicated below graphs). 
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Figure 23. Responses of two delay sensitive ICC neurons to tonal 


stimulation at their best frequency (filled circles) , and 


at a lower frequency (squares in A and B). 
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Figure 24. Responses of two delay-sensitive ICC neurons to tonal. 


stimulation at their best frequencies (open circles) and 


to noise stimulation (stars in A and B). 
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Figure 25. Responses of two delay sensitive ICC neurons to best frequency 


tonal and to noise stimulation. 
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Figure 26. Responses of two delay-sensitive ICC neurons to best frequency — 


tonal stimulation at different intensity levels. 
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Figure 27. Responses of two delay-sensitive ICC neurons to best frequency 


tonal stimulation at different intensity levels. 
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Figure 28. 


Responses of six delay-sensitive ICC neurons that discharged 


maximally to interaural time differences that could be 


generated by sound sources located in the contralateral 


side (A,B), ipsilateral side (D,E), and middle (C,F) of 


the free sound field. 
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——_— 29. ie The distribution of delay-sensitive — as a function 
of the interaural time. differences (in 50 usec bins) at 
which each neuron charged ainsi. 

B. The same distribution of delay-sensitive neurons plotted 
tes of the interaural time differences representing 


22.5° sectors of a hypothetical free sound field (see text). 
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Figure 30. Represented cochlear place (or best frequency) of 158 delay- 


sensitive ICC neurons as a function of the preferred 
interaural time difference at which each discharged 


maximally. 
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Figure 31. Represented cochlear place of delay-sensitive ICC neurons 
isolated in four dorsal-to-ventral microelectrode 


penetrations as a function of the preferred interaural time 


differences at which each discharged maximally. 
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